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A method  has  been  developed  which  provides  a complete 
description  of  the  energy  and  population  distributions  in  a 
laser  pumped,  metastable  polyatomic  molecule.  Different  temp- 
eratures are  required  for  each  mode  and  for  the  translational/ 
rotational  degrees  of  freedom.  Good  agreement  between  calculated 
and  measured  distributions  has  been  found  for  CH3F  ’ 
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e^rgy  for  this  system  tends  to  accumulate  preferentially  in  the 
C-F  stretch  vibrational  mode.  As  a result,  extremely  large 
population  inversions  are  predicted  for  CH^'F  when  optically 
pumped  by  a CO2  laser.  These  results  are  expected  to  apply  to 
many  polyatomic  molecules. 

Energy  treinsfer  cross^^^ctions  have  been  measured  for  methyl 
fluoride/rare  gas  collision  events.  For  the  first  time  in  a 
polyatomic  molecule  larger  than  3 atoms,  individual  kinetic  rate 
constants  for  specific  intermode  energy  exchange  processes  have 
been  obtained.  The  general  qualitative  features  which  describe 
the  variation  of  rate  constants  with  rare  gas  atoms  are  predicted 
by  simple  theoretical  considerations,  but  quantitative  agreement 
is  seriously  lacking. 

Intermode  collisional  energy  exchange  events  coupling  the 
V2,  Vg,  and  5 modes  of  f luorophosgene (COF-)  have  been  studied 
in  detail.  Approximately  500  gas  kinetic  collisions  are  required 
to  transfer  population  from  V2  to  Vg  while  only  180  collisions 
are  necessary  for  Vg  to  V3  5 transfer.  The  direct  coupling 
between  v-  and  V3  5 has  be4n  found  to  be  weak  (>  1500  collisions) . 
The  transfer  of  ehergy  into  the  translational  and  rotational 
degrees  of  freedom  has  been  found  to  be  noticeably  slower  than 
intermode  collisional  energy  exchange. 

Energy  transfer  processes  which  collisionally  couple  the 
vibrational  modes  of  CH3CI  have  been  investigated.  On  the  time 
scale  of  a laser  pulse  width,  at  high  pressures  of  CF3CI,  signi- 
ficant energy  transfer  takes  place.  No  evidence  for  locking  of 
energy  into  a single  mode  has  been  found  for  this  molecule. 

The  CO2  laser  driven  decomposition  of  perf luorocyclobutanone 
has  been  studied.  Time  resolved  infrared  fluorescence  from 
product  molecules  has  been  observed,  and  product  yields  have  been 
measured.  The  present  experimental  evidence  suggests  that  at 
least  some  of  the  products  are  formed  coincident  with  the  laser 
pulse  suggesting  multiphoton  decomposition  of  the  parent 
perf luorocyclobutanone . 

3+ 

Photon  echo  modulation  effects  in  Pr  :LaF3  are  analyzed  in 
terms  of  a combined  interaction  of  the  nuclear  quadrupole  inter- 
action and  the  second  order  hyperfine  interaction.  Using  the 
interaction  parameters  obtained  elsewhere,  the  theoretical  echo 
behavior  fits  the  experimental  data  successfully.  The  sign  of 
the  electric  field  gradient  at  the  Pr  site  inferred  from  our 
data  is  negative. 

We  have  made  the  first  observations  in  Na  vapor  of  three 
new  types  of  echoes;  excited-state  photon  echoes,  tri-level 
echoes,  and  two-photon  echoes.  The  excited-state  photon  echo 
extends  the  photon  echo  effect  to  transitions  between  states 
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• which  are  both  thermally  unpopulated.  The  tri-level  echo  is  a 

totally  new  effect  peculiar  to  multilevel  (three  levels  or  more) 
systems.  The  two-photon  echo  is  the  sum-frequency  analogue  of 
\ the  Raman  (difference-frequency)  echo.  We  have  used  these  new 

effects  to  study  foreign-gas  collisional  relaxation  of  atomic  Na 
S-P  and  S-D  superposition  states. 

A new  diagnostic  technique  for  flames  has  been  developed. 

The  flame  is  seeded  with  a small  amount  of  sodium  salt  and  the 
sodium  atoms  in  the  flame  are  spin  polarized  oy  optical  pumping. 

The  spin  relaxation  rates  vary  substantially  across  the  spatial 
extent  of  the  flame. 

Time  resolved  studies  of  NO2  fluorescence  in  the  visible 
region  of  the  spectrum  have  been  undertaken  to  gain  a better 
understanding  of  the  anomalous  radiative  lifetimes  of  this 
important  product  of  combustion  in  air. 

Studies  of  spin  exchange  between  spin  polarized  sodium  atoms 
and  odd  isotopes  of  xenon  and  krypton  have  been  undertaken.  The 
sodium  atoms  are  highly  polarized  by  optically  pumping  with  a 
dye  laser. 

Good  agreement  has  been  found  between  recent  calculations 
of  emission  and  absorption  profiles  of  alkali-noble  gas  excimers 
and  experimental  measurements  from  this  laboratory. 

Experimental  evidence  has  been  obtained  for  the  existence 
of  potassium  polyxenide  exciplexes  of  the  form  RXe^  n = 1,2, 3, 4. 
These  exciplexes  radiate  strongly  in  the  green  region  of  the 
spectrum. 

The  narrow  absorption  bands  of  CS2  molecules  near  700  nm 
have  been  identified  for  the  first  time  as  transitions  at  very 
large  internuclear  separations,  possibly  from  the  repulsive 
ground  state. 

Pulsed  dye  laser  excitation  of  alkali  vapors  has  been  shown 
to  lead  to  nearly  complete  photoionization  of  the  alkali  atoms. 

The  local  electric  fields  from  the  resulting  plasma  lead  to 
stimulated  emission  of  highly  forbidden  atomic  transitions. 

A heterodyne  correlation  radiometer  is  considered  for  the 
sensitive  detection  of  radiating  species.  A sample  of  the  species 
to  be  detected  is  physically  made  a part  of  the  laboratory  receiver, 
and  serves  as  a frequency-domain  template  with  which  the  remote 
radiation  is  correlated,  after  heterodyne  detection.  Requirements 
for  local  oscillator  stability  and  tunability  are  less  stringent 
than  in  the  conventional  heterodyne  system  and  the  use  of  a 
multiline  local  oscillator  may  be  advantageous. 
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A simple  threshold  detector  is  derived  for  a wide  class  of 
binary  decision  problems  involving  the  likelihood-ratio  detection 
of  a signal  embedded  in  noise.  A comparison  of  the  sum  of  N 

independent  observations  with  a unique  threshold  comprises  an  I 

optimum  detector,  if  a weak  condition  on  the  noise  is  satisfied, 
independent  of  the  signal. 

The  optimal  design  of  a heterodyne  laser  radar  system  requires 
that  the  coherence  properties  of  the  signal  be  properly  taken  into 
account.  Performance  is  optimum  when  the  degeneracy  parameter  of 
the  scattered  signal  light  is  unity. 

It  is  shown  that,  for  an  arbitrary  discrete  process  embedded 
in  independent  additive  discrete  noise,  the  classical  binary 
detection  problem  using  a likelihood-ratio  test  reduces  to  a simple 
comparison  of  the  number  of  events  with  a single  threshold.  Only 
a weak  condition  on  the  noise  distribution  is  required.  Our 
results  are  appropriate  for  the  analysis  of  photocounting  optical 
communications  and  photocounting  radar  systems. 

Expressions  are  obtained  for  the  mean  and  variance  of  the 
nvimber  of  events  in  a fixed  sampling  time  for  a nonparalyzable 
dead-time  counter.  The  input  process  is  assumed  to  be  Poisson 
with  a rate  that  is  a known  function  of  time.  Experiments  per- 
formed with  triangularly  and  sinusoidally  modulated  laser  radiation 
provide  results  that  are  in  accord  with  the  theory. 

We  report  a series  of  optical  experiments  that  verify  the 
full  theoretical  photocounting  distributions  obtained  by  Diament 
and  Teich  for  triangularly  and  sinusoidally  modulated  laser 
radiation.  Another  series  of  experiments  validates  the  non- 
paralyzable-dead-time-modif ied  versions  of  these  formulas  obtained 
by  Cantor  and  Teich.  A new  expression  is  obtained  for  the 
paralyzabl e-dead-time-modified  counting  distribution  for  a modulated 
source. 

The  detection  of  a fluctuating  signal  in  the  presence  of 
noise  is  considered  for  a doubly-stochastic  Poisson  counting 
system  that  is  subject  to  fixed  nonparalyzable  detector  dead  time. 

The  probability  of  error  and  channel  capacity  are  examined.  A 
maximum-likelihood  estimate  of  the  mean  signal  level  is  obtained 
for  a simple  image  detection  system  with  a dead-time-perturbed 
counting  array. 

Photocounting  distributions  have  been  calculated  for  an 
exponentially  decaying  pulse  of  light  with  a uniformly  distributed 
starting  time  for  the  sampling  interval.  The  results  are  of 
interest  in  spontaneous  emission  and  radioactive  decay  experiments. 
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Experimental  studies  have  been  made  of  Si  MOS  devices  with 
ultra-thin  (10-50  A)  oxide  layers  fabricated  by  low- temperature 
^ (700*0  dry  oxidation.  Electrical  and  optical  properties  of  these 

devices  reveal  that  photocurrent  suppression  occurs  for  oxides 
20  a in  thickness,  and  that  these  effects  can  be  removed  by 
appropriate  reverse  bias.  New  modes  of  quantum  detection  are 
suggested  by  these  devices  and  one  such  mode,  a low- voltage 
photomultiplication,  is  demonstrated  for  a Au-Si02-n  type  Si 
structure. 

The  physical  mechanisms  of  the  breakdown  of  carrier  confine- 
ment are  considered  using  both  the  thermionic-emission  and  diffu- 
sion models.  It  is  shown  that,  for  most  practical  AlGaAs/GaAs  DH 
lasers,  the  diffusion  current  is  responsible  for  carrier  leakage. 
The  thermionic-emission  of  minority  carriers  is  important  when  the 
confinement  barrier  or  the  mobility  is  very  large.  The  theory 
presf:nted  here  is  also  applicable  to  structures  other  than  the 
AlGaAs/GaAs  laser. 

Majority  and  minority  carrier  transport  in  small  geometry 
(2  urn  diameter)  Pt-GaAs  Schottky  barriers  have  been  characterized 
experimentally.  Transistor  measurements  on  a matrix  of  these 
diodes,  lying  within  approximately  a minority  carrier  diffusion 
length  of  one  another,  indicates  that  majority-carrier  thermionic 
emission  current  dominates  for  large  forward  bias  (^  0.4V).  At 
smaller  bias  recombination  in  the  space-charge  region  is  most 
important.  The  minority  carrier  injection  ratio  decreases  from 
10“^  to  10“5  over  the  measurable  range  of  voltage  0.5  to  l.OV. 

The  implications  for  submillimeter  detection  and  mixing  using 
these  devices  are  discussed. 
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I.  RELAXATION  AND  ENERGY  TRANSFER 


A.  CHEMICAL  REACTIONS  AND  ENERGY  TRANSFER 

1.  Vibrational  Population  and  Energy  Distributions  of  Laser 
Ptunped  Metastable  Polyatomic  Molecules* 

(I.  Shamah,  G.  W.  Flynn) 

Introduction; 

Infrared  laser  devices  provide  a convenient  means  for 

exciting  single  vibrational  states  of  molecules.  Under  collision 

free  conditions  the  excitation  placed  in  the  vibrational  level 

will  remain  trapped  for  long  periods  of  time  because  of  the  low 

probability  of  spontaneous  emission.  Typical  radiative  lifetimes 

in  the  infrared  range  from  1-100  msec.  At  a pressure  of  1 torr 

4 6 

a molecule  at  room  temperature  undergoes  approximately  10  -10 
gas  kinetic  collisions  in  this  time.  The  lifetimes  of  most  vibra- 
tional levels  are  thus  limited  by  collisions  in  a bulk  gas.  In 
many  polyatomic  molecules  vibrational  relaxation  occurs  in  two 
distinct  stages.  Initially,  vibration-to-vibration  (V-V)  energy 
transfer  processes  redistribute  excitation  between  vibrational 
modes  until  all  or  part  of  the  vibrational  manifold  reaches  a 
steady  state  with  a well  defined  population  distribution.  In  the 
second  stage  vibration  to  translation/rotation  (V-T/R)  relaxation 
processes  re-equilibrate  the  vibrational  manifold  with  the  transla- 
tional and  rotational  degrees  of  freedom.  The  steady  state 
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vibrational  population  distribution,  which  results  from  the 
initial  V-V  relaxation,  is  generally  nonuniform,  highly  selective, 
and  significantly  different  from  Boltzmann-like  expectations. 

The  presence  of  this  metastable  energy  and  population  distribution 
is  of  intrinsic  interest  in  the  study  of  molecular  relaxation 
processes,  laser  initiated  chemical  reactions,  and  optically  pumped 
molecular  laser  systems. 

At  the  present  time  there  is  no  prescription  for  obtaining 
the  vibrational  steady  state  energy  and  population  distributions 
for  a polyatomic  gas,  initially  equilibrated  at  an  ambient  tempera- 
ture T,  which  absorbs  a fixed  energy  per  molecule  from  a 
pulsed  laser.  The  vibrational  energy  distribution  at  steady  state 

is  not  a simple  function  of  E.  and  T because  the  collision  pro- 

in 

cesses  which  lead  to  intermode  equilibration  usually  require  the 
exchange  of  energy  between  the  vibrational  and  translational/ 
rotational  degrees  of  freedom.  Instead  a nonuniform  multi- 
temperature distribution  is  required  to  fully  define  the  energy 
distribution.  Indeed  the  multiple  temperature  effects,  which  are 
a consequence  of  this  energy  exchange,  are  sensitive  functions  of 
the  energy  transfer  mechanism.  A knowledge  of  this  mechanism 
is  required  before  the  vibrational  steady  state  energy  and  popula- 
tion distributions  can  be  calculated  from  E^^  and  T.  Fortunately, 
due  to  a variety  of  improved  experimental  techniques,  the  inter- 
mode energy  transfer  mechanisms  or  paths  can  now  be  deduced  for 
at  least  a few  small  molecules. 

We  have  developed  a multi-temperature  model  to  completely 
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characterize  the  vibrational  steady  state  of  a polyatomic  molecule. 
This  analysis  emphasizes  the  effects  on  the  steady  state  thermo- 
dynamics due  to  the  large  intermode  nonresonances  and  treats  the 
vibrational  modes  as  simple  harmonic  oscillators.  This  particular 
model  is  especially  useful  in  characterizing  the  population 
distribution  of  any  vibrationally  pumped  molecule  whose  V-V 
equilibration  processes  are  much  faster  than  its  overall  (V-T/R) 
relaxation.  Such  a description  is  presented  for  laser  pumped 
CH^F,  a molecule  whose  vibrational  energy  transfer  path  has  been 
well  studied. 

Discussion: 

A molecule  which  has  been  vibrationally  excited  by  a laser 
and  allowed  to  internally  equilibrate  its  modes  cannot  be  des- 
cribed by  a single  temperature  until  the  vibrational  degrees  of 
freedom  have  come  into  equilibrium  with  the  translational/ 
rotational  degrees  of  freedom  (characteristic  time  scale  . 
Nevertheless,  any  state  in  the  molecule  with  vibrational  quantum 
numbers  '^2'  * * * * ^ described  by  a temperature 

T{  j where 
D 


Nr  , = N g 

{V.}  o^..^ 


(1) 


N{v  jr  and  j are  respectively  the  population,  de- 

generacy and  energy  of  state  {v^}.  N^  is  the  population  of  the 
ground  vibrational  state  and  k is  Boltzmann's  constant.  Although 
in  principle  each  vibrational  state  of  a metastable  system  is 
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described  by  a different  j,  the  states  within  a given  mode 

of  frequency  will  all  have  the  same  mode  temperature  in 
the  harmonic  oscillator  limit. In  general  for  £ modes 
any  temperature  j will  be  given  by 


£ 

E 


3=1 


VjVj 


T 


(Vj) 


£ 

Z 

j=l 


(2) 


Equation  (2)  illustrates  that  the  vibrational  temperature  of  any 
level  at  vibrational  steady  state  is  a linear  combination  of  the 
mode  temperatures  T ^ , and  the  task  of  describing  vibrational 
metastable  states  is  reduced  to  the  problem  of  finding  only  a 
small  number  (£)  of  mode  temperatures. 

The  mode  vibrational  temperatures  Tj  are  also  not  independent. 
The  populations  and  hence  temperatures  of  the  different  modes 
are  controlled  by  steady  state  equilibrium  constants  which  are 
sensitive  to  the  energy  transfer  mechanism.  Suppose  that  two 
modes  are  coupled  through  any  two  states  in  their  respective 
manifolds  by  a process  such  as 


M(v?v.)  + M ^ M(v‘:v.)  + M + AE  = v?e . - v*^ 


1 r 
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3^3 


(3) 


where  v^  and  v?  are  the  quantum  numbers  for  the  states  between 
which  intermode  energy  transfer  occurs.  The  effective  equation 


linking  the  fundamental  levels  v.  and  v.,  can  easily  be  shown 
to  be^^^* 
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v?M(Vi)  t v°M(Vj)  (v?-Vj)M(0)  + AE  = , 


where  M(0)  is  a groxand  state  molecule.  Equation  (4)  merely  re- 
fleets  the  fact  that  quanta  of  type  are  required  to  produce 
Vj  quanta  of  type  Vj  with  a translational/rotational  energy  change 


of  AE.  The  equilibrium  constant  for  (4)  then  becomes 


(3)  (5)  (11)  (12)  (14) 


„ (v?-v?) 

No  ^ 3'n.d 


V? 
91  1 


where  T'  is  the  steady-state  translational  temperature.  Inserting 
the  vibrational  temperature  definitions  for  the  (Eq.  1)  gives 


T.  = [e.T./(f . .g.T'  + (£.  - f..e.)T.)]T’  , 

1 " 1 3'  ' 31  3 ' 1 31  D 3 


where  f..  = v?/v?. 

31  3'  1 

Equation  (6)  illustrates  that  the  details  of  the  vibrational 
energy  transfer  pathway  will  affect  the  steady  state  temperature 
distribution.  The  temperature  of  the  various  modes  will  differ 
at  vibrational  steady  state  in  a manner  determined  by  the  mode 
energy  gaps,  "adjusted"  to  include  the  path  factor  If  the 

energy  transfer  process  (3)  is  endothermic  going  from  mode  i to 
mode  j,  and  T^  will  blow  up  when  Tj  reaches  the 

limiting  value 


T.  = - Ej)JT'  . 
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The  proportionality  constant  relating  Tj  to  T'  is  now  a function 
of  the  "adjusted"  energy  instead  of  just  e^.  On  the  other 

hand,  if  the  energy  transfer  process  (3)  is  exothermic, 

^i'  "^i  reach  a limiting  value  while  blows  up.  Therefore, 

the  sign  of  the  energy  gap  in  the  intermode  crossover  step  will 
indicate  which  temperature  will  be  the  highest.  Endothermic 
energy  gaps  favor  the  reactant  mode  and  exothermic  energy  gaps 
favor  the  product  mode.  The  mode  with  the  lowest  frequency  may 
not  necessarily  be  the  hottest;  however  after  adjusting  the 
energies  to  include  path  factors  the  mode  with  the  lowest  adjusted 
energy  will  be  the  hottest.  In  general  for  any  given  level  of 
excitation  different  vibrational  temperature  distributions  can 
be  expected  for  different  pathways.  Since  the  source  of  the 
multiple  temperature  effect  is  the  presence  of  the  energy  differ- 
ences in  the  crossover  steps  (3) , if  these  processes  were  com- 
pletely resonant,  all  the  vibrational  degrees  of  freedom  will  be 
at  one  excited  temperature.  However,  because  most  pathways  are 
non-resonant,  a few  vibrational  modes  will  show  enhanced  vibra- 
tional excitation.  The  choice  and  extent  of  enhancement  is 
critically  dependent  on  the  energy  transfer  path. 

Once  the  complete  energy  transfer  pathway  is  known,  all 
temperatures  can  be  directly  given  as  a function  of  T'  and  a 
single  reference  vibrational  temperature  T^.  For  convenience, 
the  reference  mode  is  generally  taken  to  be  the  mode  pumped  by 
the  laser,  though  the  choice  is  arbitrary.  T^  and  T’  can  be 
related  to  measurable  initial  conditions  by  employing  additional 
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A 


constraint  equations.  The  first  constraint  used  is  the  conserva- 
tion of  excited  molecules  (or  vibrational  quanta) . This  conser- 
vation condition  actually  keeps  track  of  the  pumped  molecules  as 
they  traverse  the  energy  transfer  path  to  establish  a steady  state 

condition.  A convenient  way  of  expressing  the  condition  can  be 
(13) 

shown  to  be  given  by  the  fraction  of  molecules  pumped,  f^, 
which  is  equivalent  to  the  number  of  photons  absorbed  per  molecule. 

. (8) 

is  the  energy  absorbed  per  molecule  and  is  the  photon 
energy.  Equation  (8)  states  that  the  laser  energy  absorbed  by 
is  redistributed  among  all  the  vibrational  modes  in  a manner 
weighted  by  the  adjusted  mode  energy,  f^^Sj,  which  is  in  turn 
controlled  by  the  particular  energy  transfer  path.  Hence  a 
relation  between  the  vibrational  temperatures  and  an  easily 
measurable  quantity  has  been  derived. 

A second  constraint  equation  can  be  obtained  by  keeping  a 
careful  accounting  of  the  translational/rotational  energy  through- 
out the  V-V  equilibration.  Whenever  molecules  undergo  V-V 
processes  which  exchange  unequal  amounts  of  vibrational  energy, 
the  vibrational  nonresonance  must  be  made  up  by  the  translational/ 
rotational  degrees  of  freedom.  Thus  translational/rotational 
energy  changes  may  occur  during  V-V  energy  transfer  resulting  in 
a steady  state  gas  which  is  translationally  cold  or  hot  relative 
to  the  ambient  temperature.  The  general  equation  which  sums  up 
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the  total  translational/rotational  energy  changes  per  molecule 

(13) 

occurring  during  V-V  equilibration  can  be  shovm'  ' to  reduce  to 


(j^V  - 

ji  j ^ 


(9) 


As  in  the  particle  summation  the  total  translational/rotational 
energy  change  (9)  is  a sum  of  individual  mode  contributions 
adjusted  for  the  energy  transfer  path,  and  therefore  the  overall 
translational/rotational  energy  change  will  depend  on  the  magni- 
tude and  sign  of  the  translational/rotational  energy  change  of 
each  of  the  intermode  crossover  steps  (4). 

Under  most  experimental  conditions  the  translational  and 
rotational  degrees  of  freedom  can  be  considered  to  reach  their 
equipartition  limit.  Therefore,  Eq.  (9)  can  be  rewritten  as 


3Nk(T'  - T)  = N ^ (f..  7^  - (10) 

^ J ^4  J 

j 

another  equation  relating  the  internal  temperatures  to  T'  and 
T.  The  temperature  relations  (6)  allow  all  the  vibrational 
temperatures  to  be  calculated  in  terms  of  two  free  temperatures 
T^  and  T',  while  the  constraint  equations  (8)  and  (10)  restrict 
the  remaining  two  free  temperatures  by  fixing  them  to  the  specific 
initial  conditions.  Thus  knowledge  of  the  energy  transfer  path- 
way permits  the  determination  of  all  the  internal  molecular 
temperatures  and  consequently  the  steady  state  thermodynamic 
quantities  as  a function  of  the  input  energy  and  ambient  temperature. 
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Results: 


Some  vibrational  steady  state  thermodynamic  quantities  are 

calculated  below  for  laser  pumped  CH^F-  CH^F  has  6 vibrational 

modes,  however,  accidental  degeneracies  allow  both  mode  pairs 

V2.  Vg  and  \>^,  to  be  treated  as  triply  degenerate  single  levels 

V25  and  This  reduces  the  number  of  modes  to  four  (1=4)  . 

The  energy  (e^)  and  the  degree  of  degeneracy  (g^)  for  each  of  the 

four  resultant  fundaunentals  are  given  in  Table  I.  Laser  studies 

(15) - (22) 

of  vibrational  relaxation  have  shown  that  a reasonable 

V-V  energy  transfer  pathway  coupling  the  fundamental  states  of 
CHgF  following  laser  excitation  of  the  fundeimental  state  is 
as  follows 


Path  1 

CH3F(V3)  + CH3F  t CU^F{\>^)  + CH3F  - 133  cm~^  (11) 
CH3F(Vg)  + CH3F  Z CH3F(V25)  + CH^F  - 284  cm"^  (12) 
2CH3F(V25)  t + CH3F(0)  (13) 
CH3F(2v25)  CH3F  Z CH3F(Vj^^)  + CH3F  - 60  cm"^.  (14) 


A set  of  five  molecular  temperatures  can  easily  be  found  as  a 
function  of  laser  input  energy  and  ambient  temperature.  These 
temperatures  are  plotted  in  Figure  1 for  absorbed  laser  energies 
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and  represent  the  accidentally  degenerate  mode  pairs  and  3c®8P«ctively 


Figure  1 ; 


Calculated  curves  for  the  mode  vibrational  temperatures 
(Tj)  and  translational/rotational  temperature  (T')  of 
CH^F  at  vibration-vibration  steady  state  as  a function  of 
absorbed  laser  energy.  Level  V2(v=l)  is  pumped  and  relaxa- 
tion occurs  according  to  pathway  1 (Eqs.  (11)  - (14)).  The 
vibrational  modes  are  treated  as  harmonic  oscillators  and 
the  translational/rotational  energy  is  taken  to  be  3kT' 
(equipartition  limit)  with  a variable  temperature  T'. 
Vibration-translation/rotation  relaxation  has  been  neglected 
T25  and  are  the  vibrational  temperatures  of  the  accident 
ally  degenerate  mode  pairs  ^®spectively. 


VIBRATIONAL  AND  TRANSLATIONAL  / ROTATIONAL  TEMPERATURE  ( K) 


k J / mole 


20  40  60 


Figure  1 


A 


ranging  from  0-5  photons  absorbed  per  molecule  (each  laser  photon  = 

1049  cm  . The  values  for  the  temperatures  at  an  excitation  of 

2.5  photons  per  molecule  are  also  listed  in  row  A of  Table  II. 

Under  ambient  conditions  where  no  energy  has  been  added,  all  the 

temperatures  are  at  the  saune  ambient  value  T = 300 ®K.  As  the 

added  energy  increases  the  temperatures  separate  and  increase  at 

different  rates  related  to  the  magnitude  of  the  intermode  energy 

gaps  occurring  in  the  crossover  reactions  (11),  (12)  and  (14). 

The  ordering  of  the  temperatures  follows  the  inverse  order  of  the 

adjusted  energies  listed  in  Table  I.  T^  is  hottest  since  has 

the  lowest  adjusted  energy  resulting  from  its  endothermic  coupling 

to  the  remaining  modes.  Although  path  1 retains  the  actual  j 

energy  ordering  after  the  adjustment,  the  energy  gap  between  V25 

and  is  greatly  reduced  so  that  their  adjusted  energies  are 

nearly  equal  (Table  I,  sec.  A,  path  1)  . Therefore  T25  and  T^^^ 

remain  close  to  each  other  in  all  excitation  regimes.  The 

translational/rotational  temperature  T'  falls  monotonically  with 

increasing  excitation  since  pumping  the  lowest  adjusted  mode 

guarantees  an  overall  endothermic  equilibration  pathway.  Therefore  i 

this  path  predicts  that  CH^F  will  cool  translationally/rotationally 

during  V-V  equilibration  when  pumped  at  v^.  The  limiting  vibra-  ■ 

tional  temperatures  for  the  higher  adjusted  modes  (v_c/  ‘ 

Zd  X4  o j 

• i 

vary  linearly  with  T',  Eq.  (7),  thus  the  endothermic ity  of  this  i 

path  and  pumping  conditions  (decreasing  T')  facilitate  the  achieve-  j 

ment  of  the  asymptotic  limit  for  T25,  and  Tg  as  seen  in  | 

Figure  1.  The  lowest  adjusted  mode  temperature  T^  increases  I 

i 

I 

1 
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details  of  the  designated  paths 


rapidly  in  this  excitation  regime  since  additional  input  energy 


F r 


remains  in  the  mode  after  *^25'  "^6  reached  their 

limiting  values.  Thus  laser  pumping  of  under  high  excitation 
conditions  sustains  the  large  initial  enhancement  in  even  at 
vibrational  steady  state  where  the  input  energy  has  been  parti- 
tioned among  the  modes  according  to  energy  transfer  path  1. 

Within  the  V-V  time  scale,  therefore,  these  conditions  predict  a 
vibrational  energy  locking  into  a single  vibrational  mode.  The 
experimental  temperature  values  are  remarkably  similar  to  the 

distribution  of  Figure  1 showing  relatively  little  excitation  in 

(22) 

with  about  40-50%  of  the  total  energy  in  v^.  In  particu- 

lar at  an  excitation  of  about  1.7  photons/molecule  a vibrational 
temperature  of  2000®K  was  observed  for  the  mode  in  excellent 
agreement  with  the  calculated  temperature  of  predicted  by  path 
1 (see  Fig.  1) . Therefore,  all  experimental  evidence  indicates 
that  path  1 is  the  dominant  vibrational  energy  transfer  mechanism 
for  laser  pumped  CH^F  and  that  the  C-F  stretching  vibration  can 
be  enormously  enhanced  over  the  remaining  vibrational  motions  of 
CH^F.  Relaxation  experiments  have  also  shown  that  the  overall 

V-T/R  rate  is  about  three  orders  of  magnitude  slower  than  the 

(2) 

V-V  equilibration  rate,  further  suggesting  the  possibility  of 
laser  induced  fluorine  extraction  or  replacement  reactions. 

As  pointed  out  by  Teare  and  coworkers the  ultimate  tem- 
perature attainable  by  the  hot  mode  in  a multiple  temperature 
distribution  is  limited  in  a real  molecule.  Under  conditions  of 
high  level  excitation  new  collisional  and  noncollisional  relaxation 
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channels  may  open  up  which  are  unavailable  to  the  relaxing  molecules 
at  lower  input  energies.  Such  channels  will  serve  to  reduce  the 
localization  of  vibrational  energy  in  any  one  mode  and  promote  a 
more  thermal  distribution  of  energy.  However,  the  present  model 
emphasizes  the  effects  of  the  intermode  energy  gaps  under  condi- 
tions of  moderate  excitation  (up  to  5 photons  per  molecule  for 
CH^F) . Within  its  limitations  the  model  can  provide  an  approxi- 
mate description  which  will  indicate  the  temperature  distribution 
given  the  pathway  and  initial  conditions.  For  the  case  of  laser 

pumped  CH^F  the  agreement  with  experiment  has  been  highly  satisfac- 

(22) 

tory  at  least  for  input  energies  up  to  2.5  photons  per  molecule. 
Conversely,  vibrational  temperature  measurements  can  serve  as  a 
probe  to  monitor  vibrational  relaxation  mechanisms  in  all  excita- 
tion regimes.  At  low  excitation  such  measurements  identify  the 
energy  transfer  path  among  the  low  lying  vibrational  states. 
Measurements  of  the  relative  vibrational  temperatures  as  a func- 
tion of  input  energy  can  indicate  at  what  excitation  level  the  low 
energy  pathway  description  becomes  inadequate  as  new  excitation 
and  relaxation  channels  open  up. 

Conclusions : 

1)  A formalism  has  been  developed  for  describing  the  steady 
state  vibrational  energy  and  population  distributions  of  laser 
pumped  polyatomic  gases.  The  formalism,  valid  on  a time  scale 
where  collisional  intermode  energy  transfer  .is  fast  while 
vibration-translation/rotation  transfer  is  slow,  assumes  that  a 
pulsed  laser  pumps  a fundamental  vibrational  state. 
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2)  The  vibrational  state  population  distribution  is  found 
to  be  a sensitive  function  of  the  intermode  vibrational  energy 
transfer  mechanism  or  pathway.  Thus  measurements  of  steady  state 
populations  can  conversely  be  used  to  determine  energy  transfer 
mechanisms. 

3)  The  steady  state  differs  significantly  from  that  predicted 
for  a Boltzmann  distribution  with  equivalent  total  energy. 

a)  Localization  of  energy  in  one  vibrational  mode  can  occur,  a 
condition  which  depends  strictly  on  the  energy  transfer  path. 

The  mode  which  exhibits  the  enhanced  excitation  need  not  be  the 
one  with  the  lowest  vibrational  frequency. 

b)  Energy  saturation  (a  condition  in  which  the  energy  of  a mode 
does  not  increase  with  increasing  pump  power)  can  arise  for  some 
modes,  placing  an  upper  limit  on  the  total  energy  which  can  reside 
in  these  modes  at  steady  state. 

4)  The  steady  state  distribution  is  also  dependent  on  the 
identity  of  the  vibrational  level  initially  pumped. 

a)  To  obtain  maximum  energy  enhancement  of  a nonsaturating  mode, 
it  should  be  pumped  directly. 

b)  Weaker  enhancement  or  localization  in  the  nonsaturating  mode 
will  occur  if  a saturating  mode  is  pumped.  The  vibrational 
enhancement  of  a saturating  mode  is  not  improved  much  if  it  is 
directly  pumped. 

5)  Large  steady  state  population  inversions  between  vibra- 
tional modes  can  occur  with  minimal  laser  pump  energy. 
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6)  The  formalism  has  been  used  to  describe  the  energy  dis- 


tribution of  laser  pumped  CH^F.  The  agreement  between  the  cal- 
culated and  observed  steady  state  distributions  is  excellent. 

7)  Because  of  the  sensitivity  of  the  distribution  to  the 
energy  transfer  pathway,  experimental  measurements  of  vibrational 
populations  can  serve  as  a diagnostic  tool  to  probe  for  changes 
in  the  energy  transfer  mechanism  as  a function  of  laser  pump 
power.  This  may  prove  to  be  a sensitive  probe  for  collision  free 
energy  transfer  channels. 

8)  The  formalism  used  employs  the  harmonic  oscillator  approx- 
imation and  hence  emphasizes  the  effects  of  vibrational  relaxation 
on  the  steady  state  caused  by  the  intermode  energy  gaps.  The  time 
scale  for  validity  of  this  model  is  one  long  compared  to  intermode 

vibrational  energy  exchange,  but  short  compared  to  overall  1 

I 

vibration-translation/rotation  relaxation.  | 
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2.  Steady  State  Population  Inversions  in  Laser  Pumped  Polyatomic 

Molecules* 

(I.  Shamah,  G.  W.  Flynn) 

Introduction: 

The  vibrational  relaxation  of  a laser  pumped  gas  following 
a restricted  energy  transfer  mechanism  has  been  shown  to  lead  to  a 
non-Boltzmann,  selective,  metastable  equilibrium. Here  two 
further  aspects  of  this  unusual  relaxation  and  steady  state  will 
be  explored.  Considering  molecules  whose  vibrational  modes  behave 
as  harmonic  oscillators  each  mode  will  be  at  its  own  characteristic 
steady  state  temperature.  The  population  of  every  level  within 
the  mode  manifold  will  be  fixed  by  the  mode  temperature.  Some 
modes  will  be  at  a relatively  high  steady  state  temperature  reflec- 
ting a large  population  enhancement  of  the  mode's  constituent 
levels.  Therefore,  upper  levels  of  a hot  mode  may  be  inverted  with 
respect  to  lower  levels  of  a colder  mode.  Here  the  exact  conditions 
for  a population  inversion  at  vibrational  steady  state  are  discussed. 
Excitation  thresholds  for  the  inversions  for  a given  energy  transfer 
mechanism  are  described.  Effects  of  a varying  ambient  temperature 
and  an  explanation  of  state  population  maxima  at  V-V  equilibrium 
are  also  provided.  Such  calculations  are  illustrated  for  a transi- 
tion of  CH^F  pumped  at  v^. 

Discussion: 

Figure  1 shows  the  temperature  distribution  as  a function  of 
excitation  for  CH^F  undergoing  path  1 (Eqs.  (11)  - (14)).  The 
vibrational  temperature  of  was  found  to  be  enhanced  relative 
to  the  remaining  modes  and  the  enhancement  grew  rapidly  with 
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excitation.  Since  all  the  levels  within  the  manifold  are  at 
the  same  temperature,  inversions  may  be  expected  between  overtones 
in  and  lower  states  in  a colder  mode.  As  an  illustration, 
consider  the  states  2V2  and  v^.  At  a Boltzmann  equilibrium  at 

300 ®K  N /N,  = 21.0  with  a total  population  between  the  levels 

'^2 

of  0.09%  of  the  total  molecules.  Using  the  temperature  of  Figure  1 
the  steady  population  of  2v^  and  were  calculated  and  are 
plotted  in  Fig.  2 as  a function  of  excitation.  The  onset  of 
inversion  occurs  at  an  excitation  of  315  cm  ^ (0.3  photons)  per 
molecule  with  a ^3  temperature  of  716 °K.  Since  path  1 produces 
translational/rotational  cooling  when  CH^F  is  pumped  at  v^,  the 
path  temperature  t'  is  reduced  to  283®K  at  the  threshold  excitation. 
The  inversion  grows  continuously  with  excitation  since  reaches 
a maximum  much  earlier  than  and  decreases  with  excitation  more 
rapidly  than  2v_.  In  particular,  N_  /N  = 8.05,  and 

J ZV3 

+ N = 7.78%  of  the  total  number  of  molecules,  at  an  excita- 
3 2 

tion  of  2.22  photons  per  molecules  where  2V2  has  its  maximum  popula- 
tion. CH^F  has  been  observed  experimentally  to  absorb  about  2.5 
photons/molecule. 

Not  every  state  in  a hot  mode  can  be  inverted  with  respect  to 
a lower  state  in  a colder  mode.  Vibrational  state  populations  are 
not  simply  increasing  functions  of  the  excitation.  The  populations 
are  limited  in  number  as  can  be  seen  by  Fig.  2.  Therefore,  other 
features  must  control  the  possibility  for  steady  state  inversions. 

Conclusions ; 


The  multiple  temperature  distribution  resulting  from  vibra- 
tional relaxation  leads  to  a selective,  non-Boltzmann  population 
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Percent  of  molecules  calculated  to  be  in  levels  2V3  and  V2  in  CH3F  at  vibrational 
steady  state  as  a function  of  absorbed  laser  energy.  The  calculations  were  based 

on  the  temperature  distribution  of  Fig.  1 which  assumed  an  ambient  temperature 
of  300  “K. 


distribution  at  steady  state,  creating  the  possibility  for  popula- 
tion inversions. 

a)  Upper  states  in  a hot  mode  will  be  inverted  with  respect 
to  lower  states  in  a colder  mode. 

b)  Excitation  thresholds  for  inversions  may  be  calculated 
given  the  energy  transfer  processes  linking  the  two  states 
and  the  translational/rotational  temperature  t'.  The 
threshold  is  a monotonically  increasing  function  of  t' 
and  consequently  the  ambient  temperature.  In  particular 
if  both  states  are  of  equal  degeneracy  the  threshold 

I 

varies  linearly  with  T . 

c)  Steady  state  population  calculations  show  that  the 

level  in  CH^F  will  invert  with  respect  to  the  V2  level 
with  a threshold  for  inversion  of  0.3  photons  absorbed 
per  molecule  at  an  ambient  temperature  of  300®K.  The 
inversion  reaches  a to  V2  ratio  of  about  8,  with  8% 

of  the  total  molecules  residing  in  these  two  levels,  at 
2.22  photons  absorbed  per  molecule.  The  threshold  is 
reduced  to  0.09  photons  absorbed  per  molecule  at  200 ®K 
ambient  temperature. 

* This  work  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-CHE76-04118 . 
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3. 


Some  Energy  Transfer  Parameters  for  Laser  Driven  Chemical 
Reactions  in  CF^Cl* 

(J.  K.  McVey,  G.  W.  Flynn) 

Introduction: 

Recent  interest  in  the  infrared  induced  chemistry  of  halo- 
genated  hydrocarbons  dates  from  preliminary  reports  of  Grunwald. 
Following  absorption  of  many  photons  by  molecules  such  as  CF^Cl 
and  CCljF  the  observed  chemistry  is  found  to  be  efficient  and 
reactions  similar  to  those  encountered  in  simple  bulk  heating 
experiments  are  observed.  Many  additional  studies  have  probed 
the  reactivity  of  other  freon  molecules  in  both  the  collisional 

-3 

and  collisionless  region.  At  sample  pressures  of  less  than  10 

torr,  molecular  beam  studies  have  shown  that  the  laser  driven 

reaction  process  favored  is  generally  that  of  the  lowest  energy 
(2) 

channel,  that  preferred  in  thermal  reactions.  This  regime  is 

amenable  to  detailed  ex2unination  and  several  groups  have  considered 

the  deposition  of  excess  energy,  following  the  unimolecular  reaction, 

into  the  vibrational,  rotational  and  translational  modes  of  the 
(3) 

products.  Of  central  concern  is  the  process  by  which  energy 
flows  between  the  many  vibrational  levels  that  exist  in  the  ground 
electronic  states  at  excitation  levels  approaching  the  energy  of 
bond  dissociation.  One  early  interpretation of  the  results 
involving  IR  photon  excited  CF^Cl  and  CCl^F  suggested  that  energy 
was  being  retained  in  the  pumped  C-F  vibrational  manifold  for  times 
longer  than  that  required  for  bond  cleavage.  In  the  absence  of 
any  direct  measurements  of  rates  of  vibration-to-vibration  (V-V) 
and  vibration  to  rotation/translation  (V-T/R)  collision  induced 
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energy  transfer  several  theories  were  proposed.  It  is  therefore 
important  that  we  consider  the  case  of  IR  laser  Induced  chemistry 
in  the  collisional  regime  (2  to  60  torr  sample  pressures)  and 
address  the  question  of  timescales  of  excitation,  energy  transfer, 
and  reactivity  in  freons. 

Experimental : 

The  technique  of  laser  induced  infrared  fluorescence  was 
employed  to  study  V-V  and  V-T/R  energy  transfer  rates  and  details 
of  the  apparatus  are  provided  elsewhere. In  brief,  a Q-switched 
CO2  laser  operating  on  the  R(28)  line  of  the  9.6y  branch  (1083  cm”^) 
excites  the  Vj^  C-F  symmetric  stretch  of  CF^Cl  as  shown  in  the 
energy  level  diagram  in  Figure  3.^®^ 

Three  regions  of  IR  fluorescence  were  examined  by  viewing 
the  emission  at  90®  to  the  laser  beam  through  MgF2  or  KBr  windows 
with  several  detector  and  filter  combinations.  Fluorescence  at 
4.5  y was  observed  with  a photovoltaic  InSb  detector  (77®K)  and 
was  found  to  be  principally  from  the  2Vj^  overtone  with  a small 
component  of  2v^  as  confirmed  with  a 4.5  y interference  filter 
which  excludes  the  later. 

Fluorescence  from  V2/  the  C~C1  symmetric  stretch,  was  examined 
with  a Ge:Cu  detector  (4®K)  using  a 10-14  y filter  with  two  11. 3y 
long  pass  filters.  Fluorescence  from  the  lower  modes,  and  v-, 

D 0 

was  monitored  with  the  Ge:Cu  detector  (4®K)  and  a group  of  filters 
giving  a 14  to  22  y bandpass. 

Thermal  lensing  studies  were  performed  to  explore  the  path  of 
the  V-V  processes  and  measure  overall  V-V  and  V-T/R  relaxation 
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1 

(7)  i 

rates.  The  apparatus  is  described  elsewhere  and  basically  j 

measures  the  magnitude  and  rate  at  which  vibrational  energy  is  i 

degraded  collisionally  to  translational  energy  by  measuring  small 

i 

changes  in  the  index  of  refraction  of  the  gas.  i 

Results:  I 

In  Figure  4 fluorescence  emission  from  V2  is  shown  following 
excitation  of  It  is  immediately  apparent  that  even  at  lower 

pressures  (3  torr)  of  CF^Cl,  the  filling  process  is  rapid  as 
shown  in  the  risetime  of  1 psec.  Collisional  quenching  studies 
as  a function  of  CF^Cl  pressure  (self-quenching)  and  other  quench- 
ers (Ar,  Kr)  were  performed  to  extract  V-V  and  V-T/R  relaxation 
rates  from  the  fluorescence  decay  curves.  Plots  of  ^n  (Intensity) 
versus  time  were  constructed  and  the  slopes  provide  rates  at  a 

given  sample  pressure.  Stern-Vollmer  plots  of  rate  vs  pressure 

-1  -1 

provide  the  desired  rate  constants,  in  units  of  msec  torr 
Figure  5 illustrates  how  the  heavier  rare  gas  collision 
partners  can  be  employed  to  preferentially  quench  various  relaxa- 
tion pathways.  What  appears  to  be  a single  exponential  decay  in 
Figure  5 with  2 torr  CF^Cl  'breaks'  into  a fast  and  slow  component 
with  the  addition  of  35  torr  of  krypton.  Values  of  the  rate 
constants  for  collisional  quenching  of  2vj^,  2v^  levels,  the  V2 
level,  and  the  levels  are  presented  in  Table  III.  Thermal 

lensing  studies  provide  direct  measurements  of  V-T/R  rates.  In 
Figure  6 thermal  lensing  signals  of  CF^Cl  are  displayed  and 
values  are  also  given  in  Table  III. 
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IR  FLUORESCENCE  CF3CI 


102.4  fjsec  full  scale 


3.082  t CF3CI 
+ 49.18  t ARGON 


F qui  e •' 
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IR  FLUORESCENCE  CF3CI 

102.4  fisec  full  scale 


2.002  torr  CF3CI 


2.002  t CF3CI 
+ 35.168  t KRYPTON 


Figure  5 
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Table  III 


2vj,2v^ 


CF.Cl  COLLISIONAL  QUENCHING 
BATE  CONSTANTS 
(«8ec“l  torr”^) 


Self- 


Argon 


Krypton 


Quenching  Quenching  Quenching 

60  ± 10  11.3  + 1.5 

7.5  + 2.5*  2.3  ± 0.3 

(rlse>350) 

65  ± 10  22  ± 5 7.5  ± 2.0 

15  ± 1.5  5.4  ±0.5  «0 

■5 

(rl8e«350) 


7.5  ± 2.0 
* 0 


V3.V5 

Thermal 

Leasing 


45  ± 10 
12  ± 4 

(rlse^SO  ± 20) 


6.0  ± 2 


2.0  ± 0.5 


* probable  sum  of  two  exponentials  as  Indicated  by  Intercept 
data  In  argon  quenching  experiments. 


THERMAL  LENSING 

204.8>jsec  FULL  SCALE 


Y 

heating 


10.032  t CF3CI 


4.200  t CF3CI 


Figure  6 


4.200  t CF3CI 
+ 17.340  t ARGON 
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Discussion: 

Analysis  of  the  rise  and  falltimes  of  emission  from  the 
various  energy  levels  of  CF^Cl  immediately  suggests  a rapid  colli- 
sion induced  redistribution  of  energy  from  the  pumped  mode  to  the 


remaining  vibrational  modes.  The  filling  rate  of  the  V2  and 


modes  is  given  by  the  measured  rate  constant  of  ^ 350  msec 


-1 


-1 


torr  , and  at  60  torr  this  corresponds  to  approximately  50  nsec. 

(1) 


In  the  experiments  of  Grunwald,  also  at  pressures  of  60  torr 
with  laser  pulsewidths  of  200  nsec,  it  seems  likely  that  the 
pumped  mode  (C-F  stretch,  is  not  efficiently  locking-in  energy 

and  that  transfer  to  other  modes  is  efficient  and  rapid  during  the 
laser  pulse.  CF^Cl,  in  fact,  appears  to  be  an  excellent  species 
in  which  to  demonstrate  rapid  equilibration  of  the  vibrational 


modes.  Referring  to  Figure  3,  the  laser  pumps  into  the  low  energy 


end  of  the  mode  at  1083  cm  The  2Vg  level  at  1100  cm  ^ and 


-1 


the  V2  + Vg  level  at  1132  cm  are  nearby  and  collisions  of  the 
type 


CF^CHv^)  + M -*■  CF2Cl(2Vg)  + M AE  = 17  cm 


-1 


and 


CF^CKVj^)  + M -»■  CF2C1(v2  + Vg)  + M AE  = 49  cm 


-1 


would  permit  efficient  transfer  of  energy  from  the  pumped  mode. 
The  energy  defect  would  be  taken  from  the  translational  energies 
of  CF^Cl  or  the  collision  partner  M.  Also,  since  the  mode  and 


(8) 


V2  are  of  the  same  symmetry  class  (Aj^)  , Fermi  coupling  between 


32 


and  V2  + Vg  may  result  in  the  more  rapid  rate  for  filling  of 
V2  + Vg  (350  msec  ^ torr  versus  the  2Vg  filling  (-60  ms~^ 
torr  . The  proposed  scheme  for  energy  transfer  is  given  in 
Table  IV. 

The  efficiencies  of  various  collision  partners  in  the  relaxa- 
tion processes  is  also  given  in  Table  III.  Self  quenching  is  most 
efficient  (fastest  rate  constants  for  relaxation)  and  this  is 
reasonable  in  light  of  the  many  vibrational  modes  that  can  trans- 
fer or  accept  energy  in  the  collision  process.  Quenching  with 
rare  gases  is  less  efficient  and  relies  on  energy  transfer  to  and 
from  the  translational  modes.  The  heavier  rare  gas,  krypton,  has 
a slower  average  velocity  than  argon  at  a given  temperature  and 
is  less  efficient  than  argon  in  quenching. 

The  overall  deposition  of  energy  from  vibrational  to  transla- 
tional energies  as  measured  with  the  thermal  lensing  apparatus 
has  a rate  constant  of  6 ms  ^ torr  ^ CF^Cl.  At  60  torr  CF^Cl 
the  timescale  for  V-T/R  relaxation  is  'v  3 ysec  and  the  rate  of 
thermal  diffusion  with  its  inverse  pressure  dependence  is  approxi- 
mately a factor  of  1000  slower.  This  would  suggest  that  there  is 
rapid  (ysec)  deposition  of  energy  to  thermal  heating  following 
IR  laser  excitation  and  that  the  slower  thermal  diffusion  allows 
for  trapping  of  this  'heat'  in  a small  volume  element  resulting 
in  elevated  temperatures.  We  must  recall  that  Grunwald's  studies 
gave  thermal  reaction  products  at  high  efficiencies,  the  later 
descriptive  of  elevated  temperatures  (%  1000“C)  in  the  reaction 
cell.  Furthermore  in  studies  of  other  freons,'  ' it  was  found  that 
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Table  IV 


RATE  CONSTANTS  (msec"'  torr’^) 
CP3CI 


pump  >350  60 I IS 


>350  fast 

vj— ^ V2  + vg  - ^V2»V5 


15  60,15 


the  IR  pumping  of  either  of  two  absorbing  modes  led  to  equivalent 

chemistry.  The  results  tend  to  indicate  a rapid  randomization 

of  energy  from  the  pumped  C-F  mode  to  other  modes.  Much  of  the 

chemistry  may  in  fact  be  basically  thermal  in  nature  at  these 

pressures  (10  to  60  torr  CF^Cl)  and  similar  to  chemistry  at  a 

higher  effective  cell  temperature,  i.e.  laser  induced  pyrolysis. 

The  results  also  tend  to  illuminate  the  number  of  theoretical 

models  recently  presented  to  explain  the  observed  chemi,stry. 

It  appears  that  the  single  oscillator  model  (C-F  mode  highly 

excited  only)  is  probably  inappropriate.  The  fast  V-T/R  rate 

and  slow  diffusion  rate  would  tend  to  favor  a thermal  mechanism, 

(12) 

although  a steady-state  approach  (vibrations  equilibrated 
but  not  translational  modes)  may  play  a role  in  the  overall 
chemistry.  it  is  important  to  appreciate,  however,  that  even  at 
high  pressures  (10-60  torr)  the  initial  stages  of  a TEA  CO2  laser 
pulse  can  induce  multiphoton,  collision  free  dissociation.  Thus 
a combination  of  effects  is  likely  to  be  important  in  explaining 
laser  chemistry  results  on  CF^Cl. 

* This  work  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-CHE76-04118 . 
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B.  LASER  STUDIES  OF  INTERMODE  ENERGY  TRANSFER  EVENTS  IN  SMALL 
MOLECULES 

* 

1.  Intermode  Energy  Flow  in  CH^F  Induced  by  Rare  Gas  Collisions 
(R.  S.  Sheorey,  G.  W.  Flynn) 

Laser  induced  fluorescence  in  the  infrared  region  of  the 
electromagnetic  spectrum  can  be  observed  and  analysed  to  understand 
both  qualitative  and  quantitative  aspects  of  vibrational  energy 
transfer  in  polyatomic  molecules.  In  general,  such  experiments 
establish  energy  transfer  mechanisms  and  timescales which  are 
extremely  useful  in  the  studies  of  laser  initiated  chemical  reac- 
tions. In  addition,  specific  mode  to  mode  energy  transfer  rate 

constants  can  be  determined  by  monitoring  infrared  fluorescence  from 

(2) 

all  fundamental  energy  levels.  Models  like  the  breathing  sphere 
modification  of  the  SSH  theory  which  predict  such  energy  transfer 
probabilities  per  collision  can  thus  be  checked  for  their  validity. 

The  C-F  stretch  mode  (v^)  in  methyl  fluoride  absorbs  the  P(20) 
line  of  a Q-switched  CO2  laser,  and  upon  pumping  laser  induced 
fluorescence  has  been  observed  from  the  overtone  and  all 

fundamentals  except  (Fig.  7)  The  multiple  exponential  rises 

and  decays  of  these  fluorescence  signals  have  been  analyzed  to  yield 
the  eigenvalues  of  the  CH^F  rate  matrix.  These  have  enabled  us  to 
determine  the  following  two  rate  constants. 

k-jc 

CH-F  (v.)  + CH-F  CH,F  (v,)  + CH-F  -133  cm  (1) 

J J Ir  Jo  O 
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CH^F  (Vg)  + CH^F  CH^F  (\)^,  v^)  -*•  CH^F  -284  cm 

Because  the  Q-switched  CO2  laser  puts  out  very  weak  pulses, 
the  vibrational  temperature  does  not  vary  significantly  from  the 
translational  temperature  during  the  experiment.  It  is  then 
reasonable  to  assume  that  population  deviations  can  be  described 
by  simple  Boltzmann  statistics.  Together  the  v^,  Vg  and  v^, 
levels  have  a 99%  share  of  total  vibrationally  excited  CH^F  popula- 
tion. Therefore,  processes  coupling  these  three  low  lying  levels 
to  the  others  simply  do  not  contribute  significantly  to  the  CH^F 
rate  matrix.  It  is  thus  possible  to  obtain  the  two  rate  constants 
of  processes  (1)  and  (2)  from  a measurement  of  the  two  eigenvalues 
of  the  linearly  coupled  v^,  Vg  and  (^2’  '^5^  states  which  form  a 
three  level  system. 

The  decay  of  2v^  fluorescence  yields  the  eigenvalues  596  + 48 
msec  ^ torr  ^ and  198  + 43  msec  ^ torr  ^ (Fig.  8)  and  the  rise  of 
and  v_,  v,  fluorescences  yield  609  + 68  msec”^  torr  ^ and 

O Z O “ 

192  + 41  msec  torr  where  the  error  limits  indicate  two  standard 
deviations.  The  three  level  system  described  by  processes  (1) 
and  (2)  yields  the  two  eigenvalues 

2 r+  = + (b^-4c)'^ 

where 

b = (1.95  k^g  + 3.615  kg2)  and 
c = 6.09  ^36^^52  * 

The  values  for  and  k^-  are  then  found  to  be: 
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k^g  = 285  + 25  (msec  torr) 
kg2  ® 65+14  (msec  torr) 


-1 


-1 


Using  a CH^F  gas  kinetic  collision  rate  of  8.5’<10^  sec~^torr~^, 
the  rate  constants  k^g  and  kg2  yield  the  probabilities  p^g  = 0.033 
(30  collisions)  for  -*•  Vg  transfer  and  Pg2  = 0.076  (130  collisions) 
for  Vg  V2f  Vg  transfer.  These  values  appear  as  dotted  lines  in 
Fig.  9 where  calculated  probabilities  using  the  breathing  sphere 
model are  also  presented  as  a function  of  a(cm~^)  the  range 
parameter  for  the  spherically  symmetric  intermolecular  potential. 
Specifically,  the  probabilities  were  calculated  as  outlined  in  Ref. 

3 with  breathing  sphere  amplitude  factors  in  Ref.  7.  Since  the 
breathing  sphere  model  assumes  that  the  vibrational  motion  of  the 
surface  atoms  i.^  in  the  direction  of  the  collision,  the  calculated 
probabilities  are  expected  to  be  too  large.  As  is  apparent  in  Fig. 

9,  although  the  calculated  probabilities  are  indeed  too  large  for 
the  Vg  "^2,  Vg  V-V  energy  transfer  process,  they  are  actually 
smaller  than  the  experimental  probability  for  the  process  V-  ->•  v^ 
for  all  reasonable  a values.  This  suggests  that  the  prescription 
for  obtaining  vibrational  matrix  elements  (breathing  sphere  ampli- 
tudes) is  not  particularly  reliable  in  predicting  relative  inter- 
mode transition  probabilities,  or  that  a spherically  symmetric 
potential  simply  cannot  describe  such  a complex  collision  event. 

Inteirmode  energy  transfer  probabilities  have  also  been 

measured  for  CH^F  - rare  gas  collisions.  The  rare  gases  which  were 

3 4 

used  in  these  experiments  were  He,  He,  He,  Ar  & Xe.  The  measured 
rates  were  plotted  versus  the  corresponding  rare  gas  pressure.  In 
all  cases  the  dependence  was  linear  with  the  rate  at  zero  rare  gas 
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pressure  (intercept)  consistent  with  the  pure  CH^F  rate.  Fig.  10 

shows  the  Xe  dependence  of  the  two  V2»  Vg  rates,  and  Table  V is 

a summary  of  the  rare  gas  data.  In  Fig.  10a  the  experimentally 

determined  probabilities  per  collision  for  the  two  energy  gaps  are 

plotted  versus  the  square  root  of  the  reduced  mass  of  the  collision 

partners  (dotted  lines) . Also  plotted  are  the  calculated  SSH 

probabilities  per  collision  (1).  The  range  parameter  a used  is 

7xl0®cm  ^(L  = .14A).  It  appears  that  the  SSH  model  has,  a great 

deal  more  success  in  predicting  energy  transfer  probabilities  in 

the  case  of  polyatomic-rare  gas  atom  collisions  than  in  the  case  of 

polyatomic-polyatomic  collision. 

Work  is  in  progress  to  compare  the  rare  gas  results  with  the 

( 8 ) 

predictions  of  the  mode  matching  model  of  Miklavc  & Fischer. 

* This  work  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-CHE76-04118 . 
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2.  Collision  Controlled  Vibrational  Energy  Exchange  In  COF2 : 


(K.  R.  Casleton,  Y.  V.  C.  Rao,  G.  W.  Flynn) 


Detailed  studies  of  vibrational  energy  transfer  processes 
have  been  undertaken  for  only  a few  polyatomic  molecules  with  more 
than  three  atoms.  One  of  these,  methyl  fluoride,  has  been  the  most 
intensely  studied  and  has  provided  a wealth  of  information. 

Carbonyl  fluoride,  a planar  molecule  resembling  formaldehyde,  has 
been  the  focus  of  similar  recent  studies. This  molecule 


strongly  absorbs  CO2  laser  radiation  near  1 = lOy.  Following 
collisional  redistribution  of  this  energy  which  is  absorbed  by  the 
V2  C-F  stretch  mode,  strong  infrared  fluorescence  can  be  observed  from 
a variety  of  other  vibrational  levels  in  the  molecule,  as  shown  in 
Figure  11.  The  previous  investigations focussed  primarily  on 
understanding  the  mechanism  for  collisional  filling  of  the  and 
2v2  levels  from  the  pumped  ^2  level. 

In  order  to  more  fully  understand  the  overall  mechanism  for 
collision  induced  vibrational  energy  transfer  in  C0F2»  we  have 
undertaken  a detailed  study  of  the  time  resolved,  infrared  fluorescence 
emanating  from  the  three  lowest  vibrational  modes, Vg  and  g, 
following  excitation  of  the  symmetric  C-F  stretch.  The  v^, 
and  normal  modes  of  COF»  are,  respectively,  the  FCF  bend,  FCF  wag, 
and  out-of-plane  bending  vibrations.  These  are  the  only  normal  modes 
whose  frequencies  lie  below  that  for  the  laser  pumped  symmetric 
C-F  stretch  mode  at  962  cm  We  expect  that  effects  of  vibration 
to  translation/rotation  (V-T/R)  energy  exchange  should  be  most 
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pronounced,  and,  therefore,  more  easily  studied  for  these  levels. 

A Q-switched  CO2  laser  operating  in  the  10. 6y  band  was  used 
to  excite  the  COF2  gas.  The  P22  laser  line  was  used  for  the  studies 
of  the  16m  _ fluorescence.  However,  in  order  to  obtain  the 

13m  Vg  fluorescence  relatively  free  of  interference  from  laser  scatter, 
it  was  necessary  to  move  away  to  the  R22  laser  excitation  line.  The 
molecular  absorptions  for  these  two  laser  lines,  as  measured  by 
intensity  of  5m  fluorescence  from  the  overtone  of  the  pumped  mode, 
were  approximately  equal.  Typical  laser  pulse  energies  were 
1-2  mJ  with  pulse  widths  on  the  order  of  0.6  Msec  or  less. 

Fluorescence  was  observed  through  a KB  window  on  top  of  a stainless 
steel  fluorescence  cell  by  a photoconductive  Cu:Ge  detector  (4K) . 
Various  interference  filters  were  used  to  pass  fluorescence  from  the 
wavelength  regions  11-14M  and  14-20Mf  in  order  to  select  either  the 
Vg  or  2 fluorescence,  respectively.  The  centers  of  the  and 
Vg  fundamentals  are  separated  by  only  about  40  cm  ^ and  there  is 
considerable  overlap  of  the  two  bands.  Because  of  this  large 
spectroscopic  overlap  and  the  probability  of  tight  collisional 
coupling  between  the  two  states,  no  attempt  was  made  to  study 
or  Vg  fluorescence  separately. 

A comparison  of  rising  portions  of  two  representative  13m 
and  16m  fluorescence  curves  is  shown  in  Figure  12.  The  onset  of  the 
I6m  fluorescence  is  much  more  sudden  than  for  the  13m  curve,  which 
exhibits  an  induction  period  near  t=0.  Analysis  of  the  rate  of 
rise  for  the  c,  16vi  fluorescence  suggests  only  a single  exponential 
contribution.  A plot  of  this  rate  as  a function  of  COF2  sample 
pressure  is  shown  in  Figure  13.  The  slope  of  35  msec  Torr 
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determined  from  a least  squares  analysis  is  consistent  with  eigen- 
values seen  in  the  decay  of  the  5y  fluorescence 

(4\ 

and  rise  of  the  v^.  By  fluorescence.  This  suggests  that  the 
process  leading  to  the  filling  of  ^ from  the  pumped  mode  is 
the  process  which  has  the  largest  amplitude  for  deactivation  of  v^. 

In  addition,  this  same  process  appears  to  be  involved  in  the  overall 
filling  mechanism  for  the  asymmetric  C-F  stretch  mode. 

In  contrast  to  the  single  exponential  nature  of  the  v_  16vi 

3 f b 

rise,  semi-log  plots  of  fluorescence  intensity  versus  time  for  the 
13y  data  clearly  show  two  exponential  contributions,  where  the 
associated  amplitudes  are  of  opposite  sign.  Figure  14  shows  a plot 
of  rate  versus  COF2  pressure  for  the  slower  of  these  two  processes. 
The  least  squares  fit  slope  for  these  data  is  95  msec”^.  Torr”^. 

An  eigenvalue  of  corresponding  magnitude  has  been  observed  in  a study 
of  the  5y  fluorescence  of  COF2  rare  gas  mixtures. ' ' It  appears 
that  this  collisional  process  which  is  involved  in  the  filling  of 
the  Vg  mode  also  contributes  to  the  overall  deactivation  of  V2, 
although  its  amplitude  is  presumably  small  relative  to  that  for  the 
35  msec”^.  Torr  ^ process.  The  eigenvalue  for  the  second,  faster 
process  seen  in  the  rise  of  the  13y  fluorescence  is  approximately 
200-250  msec  Torr  The  uncertainty  here  is  considerably 
larger  because  of  the  propagation  of  error  due  to  subtraction  of 
the  slower  component  from  the  raw  data.  It  does  appear,  however, 
that  the  amplitude  of  the  slow  component  is  approximately  3-4 
times  larger  in  absolute  value  than  that  for  the  fast  component. 

Finally,  the  decay  of  the  v_  c,  16y  fluorescence  has  been 
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studied  in  some  detail.  The  part  of  this  decay  due  to  collisional 
deactivation  is  single  exponential,  and  the  corresponding  eigen- 
value is  8.6  msec  Torr  This  agrees  quite  well  with  results 
from  studies  of  5y  decay and  8y  fluorescence  decay. 
Calculations  of  COF2  rare  gas  collisional  energy  exchange 
probabilities  using  the  SSH  breathing  sphere  model suggest 
that  this  eigenvalue  may  be  identified  with  the  V-T  process  in  C0F2. 

Approximately  90%  of  the  total  ambient  excited  state  population 
of  COF2  resides  in  the  v^,  Vg  and  V2  levels.  It  seems  natural 
to  expect  that  no  higher  energy  levels  need  be  considered  in  order 
to  explain  the  primary  energy  transfer  processes  for  these  states. 

We  have  contructed  a simplified  kinetic  model,  depicted  in  Figure  15, 
and  considered  processes  which  couple  these  excited  states.  The 
population  deviation  for  V2,  Vg  and  g were  written  as  functions 
of  the  rate  constants,  k^^,  in  the  limit  of  infinitely  slow  V-T 
deactivation.  Using  experimental  limits  on  ratios  of  amplitudes 
and  eigenvalues,  it  appears  that  kg^  is  larger  than  k2g  by  at  least 
a factor  of  3-5,  and  k23  may  exceed  k2g  by  a factor  of  5 or  more. 
However,  in  order  to  reduce  the  rather  large  uncertainties  in 
these  values,  it  will  be  necessary  to  study  the  Vg,  ISy  fluorescence 
and  determine  more  accurate  values  for  both  the  eigenvalues  and 
ratio  of  amplitudes. 

* This  work  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-CHE76-04118. 
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Intermode  Energy  Transfer  in  COF2  Induced  by  Rare  Gases 

(Y.  V.  C.  Rao,  K.  R.  Casleton,  G.  W.  Flynn) 

Laser  induced  fluorescence  studies  in  the  infrared  region 
have  provided  information  on  molecular  energy  transfer  processes. 
Theories  have  been  developed,  which  take  into  account  either  short 
range  repulsive  forces  or  long  range  attractive  forces, to  predict 
energy  transfer  rates.  These  theories  have  satisfactorily  explained 
energy  transfer  rates  in  the  case  of  diatomic  and  some  simple 
polyatomic  molecules;  however,  the  complex  energy  transfer  mechanism 
in  polyatomic  molecules  is  yet  to  be  unravelled.  An  understanding 
of  these  energy  transfer  mechanisms  in  polyatomic  molecules  is  of 
considerable  importance  in  laser  chemistry  and  in  the  development 
of  lasers.  The  present  study  was  undertaken  in  an  attempt  to 
unravel  the  complex  energy  transfer  process  in  the  4 atom  polyatomic 
molecule  C0F2-  The  C-F  stretching  mode  V2  of  COF2  strongly  absorbs 
CO2  laser  radiation,  while  the  C=0  stretching  mode  exhibits 
intense  infrared  emission.  The  other  vibrational  modes  are  widely 
separated  from  each  other.  Such  a vibrational  energy  level 
spacing  is  well  suited  to  study  the  flow  of  energy  from  one  level 
to  the  other.  Earlier  studies have  shown  that  the  levels  V2  and 
equilibrate  by  a V-V  "up-the-ladder"  process  within  a short  period 
of  time  requiring  ~30  collisions.  Because  of  such  tight  coupling 
betwe€.n  the  levels  V2  and  monitoring  the  temporal  behavior  of 
excess  population  in  is  equivalent  to  monitoring  the  time  history 
of  the  population  deviation  of  the  V2  level. 
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A detailed  description  of  the  experimental  apparatus  used  to 
study  the  laser  induced  fluorescence  of  COF2  has  been  given  else- 
where. In  brief,  a Q-switched  CO2  laser  operating  on  P{22) 

of  the  10. 6y  band  excites  the  COF2  V2  mode,  and  fluorescence  near 
6u  is  observed  from  the  2V2,  fermi  mixed  states.  The  band  width 
of  the  detected  fluorescence  was  4.6  - 5.5y  the  limits  being 
established  by  a 4.6y  long  pass  filter  and  the  cut  off  point  for 
the  detector.  The  decay  of  the  5y  fluorescence  was  studied  in 
mixtures  of  COF2  with  rare  gases  at  room  temperature. 

The  fluorescence  signal  exhibited  a double  exponential  decay. 

Fig.  16  shows  a typical  plot  for  the  fast  rate  of  fluorescence  decay 
versus  rare  gas  pressure,  with  a constant  COF2  partial  pressure  of 
0.2  torr.  One  can  observe  two  linear  regions  with  different  slopes 
in  Fig.  16.  When  they  are  extrapolated  to  zero  rare  gas  pressure, 
the  intercepts,  corresponding  to  pure  COF2  rates,  were  found  to  be 
35  ms  ^Torr  ^(fast  rate  1)  and  90  ms  ^Torr  ^(fast  rate  2).  Such 
a behavior  was  also  observed  with  different  COF2  partial  pressures 
in  COF2-rare  gas  mixtures.  The  slopes  of  these  lines  indicate 
the  rare  gas  rates  for  C0F2“X  collisions.  Earlier  measurements  with 
pure  C0F2^^^  showed  a decay  rate  of  35  ms  ^Torr  ^ but  the  other 
rate  (90  ms  ^Torr  was  never  observed.  it  appears  that  in  the 
decay  of  5y  fluorescence,  only  one  eigenvalue,  (35  or  90  ms  ^Torr 
can  be  detected  experimentally  depending  upon  the  rare  gas  pressure. 

It  is  likely  that  the  relative  amplitude  of  the  decay  corresponding 
to  the  missing  eigenvalue  is  too  small  to  be  experimentally 
detected.  In  Table  VI,  the  rare  gas  rates  for  the  two  fast  decay 
processes  are  presented.  It  can  be  observed  from  Table  vi  that  the 
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rare  gas  rates  for  the  35  ms  ^Torr”^  process  are  in  general  larger 
than  the  corresponding  rates  for  the  90  ms  ^Torr  ^ process. 

The  major  processes  responsible  for  the  deactivation  of  COF2 
(v^)  are  expected  to  be 


C0F2(V2) 

+ M 

COF2 (Vg) 

+ M + 

199  cm"^ 

(1) 

COF2  (Vg) 

+ M 

C0F2(V3, 

V5)  t 

167  cm~^ 

(2) 

C0F2(V3, 

Vg)  + M 

COF2  + M 

+ 583 

cm  ^ 

(3) 

It  can  be  qualitatively  argued  that  process  (1)  is  slow  compared  to 
(2) , in  which  case  one  can  observe  a fast  decay  followed  by  a slow 
decay.  The  fast  rate  (35  ms  ^Torr  being  the  rate  of 

process  (1)  and  the  slow  rate  (7-8  ms”^orr~^)  corresponding 
to  process  (3).  Upon  the  addition  of  rare  gas  process  (1)  becomes 
faster,  since  the  rare  gas  rate  is  high  for  that  process,  and 
process  (2)  becomes  the  rate  limiting  step.  Thus  one  can  explain 
the  switching  over  of  the  eigenvalues  in  the  decay  of  COF2  V2  mode. 

A detailed  kinetic  analysis  of  the  complex  collisional  deactivation 
processes  may  yield  information  on  the  relative  rates  of  the 
various  processes  involved.  Such  a kinetic  analysis  is  in  progress. 

A typical  pressure  dependence  of  the  slow  rate  of  fluorescence 
decay  in  COF2-X  mixtures  is  shown  in  Fig.  17,  and  the  slope  of  this 
line  gives  the  rare  gas  rate.  On  extrapolating  to  zero  rare  gas 
pressure,  the  intercept  was  found  to  be  7.8  - 8 ms  ^Torr  ^ 
corresponding  to  the  pure  COF2  rate.  This  rate  is  in  good  agreement 
with  the  earlier  observations  in  pure  COF2/  where  the  decay  of 
(Vjf  Vg)  modes  of  COF2  was  measured.  This  clearly  indicates  that 
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the  slow  decay  rate  can  be  attributed  to  the  V-T  process,  where  the 

energy  flows  from  the  low  lying  vibrational  modes  (v^,  v^)  to  the 

ground  state.  Probabilities  of  energy  transfer  per  COF2-X  collision 

were  derived  from  the  rate  constants  and  are  presented  in  Fig.  18. 

The  V-T  energy  transfer  probabilities  were  estimated  using  the 

breathing  sphere  theory  which  considers  only  short  range  repulsive 

forces.  The  breathing  sphere  amplitudes  were  estimated  following 

(4) 

the  method  of  Stretton.  The  transformation  matrices  U and  L 
were  taken  from  Ref.  (5) , where  S = UR  and  S = LQ,  where  R,  S and 
Q represent  the  internal,  symmetry  and  normal  coordinates  respectively. 
The  COF2  breathing  sphere  amplitude  factors  are  presented  in 
Table  VII.  The  V-T  energy  transfer  probabilities  were  estimated 
for  the  processes 


COF2 

(V3) 

+ 

M - 

— COF2 

+ 

M 

+ 

583 

cm  ^ 

(4) 

COF2 

(V5) 

+ 

M - 

^ COF2 

+ 

M 

+ 

620 

cm”^ 

(5) 

COF2 

+ 

M 

» COF2 

+ 

M 

+ 

767 

cm  ^ 

(6) 

and  the  results  are  summarized  in  table  VIII.  To  facilitate  compar- 
ison between  theoretical  and  experimental  V-T  energy  transfer 
probabilities,  a total  V-T  transition  probability  P can  be  defined 
as 

P = Pj'j  * Ps's  ^6^6 

where  p^  is  the  V-T  transition  probability  for  state  i and  f^ 
is  the  fraction  of  vibrationally  excited  molecules  in  state  i. 

The  calculated  probabilities  for  three  different  range  parameters 
m,  are  indicated  by  solid  lines  in  Fig.  18,  and  the  experimental 
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Table  VII 

COF2  Breathing  Sphere  Amplitude  Factors: 


0.004602 


0.025862 


0.003514 


(a)  Calculated  using  the  method  of  Stretton  (Ref.  4)  and 
the  data  of  Mallison  et  al.  (Ref.  5) . 


64 


(a)  The  values  of  probability/collision  were  calculated  with  a = 4.5x10  cm  , and 


1 


probabilities  are  indicated  by  points.  From  Fig.  18  it  can  be 
observed  that  the  experimentally  determined  probabilities  are  in 
very  good  agreement  with  those  predicted  by  the  breathing  sphere 
theory. 


* This  work  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-CHE76-04118. 

(1)  K.  Casleton  and  G.  Flynn,  J.  Chem.  Phys.  ^1_,  3133  (1977). 

(2)  L.  O.  Hocker,  M.  A.  Kovacs,  C.  K.  Rhodes,  G.  Flynn  and  A.  Javan, 
Phys.  Rev.  Lett.  )J_,  233  (1966). 

(3)  R.  D.  Bates.  Jr.,  G.  Flynn,  J.  T.  Knudtson  and  A.  M.  Ronn, 

J.  Chem.  Phys.  3621  (1970). 

(4)  J.L.  Stretton,  Trans.  Faraday  Soc.  £1,  1053  (1965). 

(5)  P.  D.  Mallison,  D.  C.  McKean,  J.  H.  Holloway  and  I.  A.  Oxton 
Spectrochimica  Acta  31A,  143  (1975) . 

(6)  Y.  Yonezawa  and  T.  Fueno,  Bull.  Chem.  Soc.  Japan  £7,  1894  (1974). 


66 


r 


T 


1 


C.  OPTICAL  PUMPING  OF  FLAMES* 

(W.  Happer,  A.  C.  Tam,  S.  M.  Curry,  T.  Yabuzaki) 

There  is  a great  deal  of  interest  in  the  combustion 

process  in  flames. Methods  used  for  studying  flames  include, 

(2) 

for  example,  microprobing,  emission  and  absorption  spec- 
troscopy, electron  spin  resonance, and  recently  CARS 
(4) 

techniques.  Also,  excitation  transfer  cross  sections  of 

alkali  atoms  in  flames  have  been  determined. We  have 

(7) 

recently  demonstrated  a new  method  to  investigate  colli- 

sional  relaxation  rates  of  paramagnetic  particles  (alkali 

atoms  in  our  present  study)  in  a flame.  Presumably  other 

paramagnetic  species  in  a flame  (like  H or  free  radicals) 

can  be  similarly  studied.  In  this  preliminary  investigation, 

we  used  a circularly  polarized  CW  dye  laser  beam  at  the  sodium-Dj^ 

wavelength  to  spin-polarize  ground-state  sodium  atoms  in 

19) 

hydrocarbon  flames.  The  Hanle  effect  is  used  to  measure 
the  spin  relaxation  rate  as  a function  of  position  within  the 
flame,  and  we  have  found  this  rate  to  be  highly  position- 
dependent.  Such  a map  of  relaxation  rates  provides  useful 
information  about  compositions  and  processes  at  various  posi- 
tions in  a flame.  We  have  also  demonstrated  that  large  RF 
magnetic  resonance  signals  for  sodium  ground-state  atoms  are 
readily  observable  in  a flame.  This  implies  the  possibility 
of  RF  spectroscopy  of  various  ions  and  free  radicals  in  flames 
using  direct  laser  pumping  or  indirect  spin-exchange  pumping. 
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The  arrangement  of  our  Hanle  effect  experiment  is  shown 

schematically  in  Fig,  19.  The  single  mode  CW  dye  laser  (Spectra 

Physics  model  580)  produces  about  160  mW  of  power  at  5896  A. 

The  circularly  polarized  laser  beam  is  directed  into  the  flame 

by  a convex  lens  of  focal  length  about  17  cm  such  that  the 

laser  beam  diameter  is  about  1 mm  in  the  flame.  A typical 

flame  that  we  have  studied  in  detail  is  obtained  by  burning  in 

air  the  following  gas  mixture:  67%  methane,  1%  ethane,  and 

32%  oxygen  by  volume  at  atmospheric  pressure  and  at  a total 

flow  rate  of  132  cc/min.  A stainless-steel  wire-mesh  (hole 
2 

size  about  1 mm  ) is  mounted  at  the  exit  orifice  of  the  burner, 
of  diameter  about  10  mm.  The  mesh  is  coated  with  NaCl  to 
dope  the  flame  with  sodium  atoms  such  that  about  10%  of  the 
circularly  polarized  laser  light  is  absorbed.  The  laser- 
excited  fluorescence  from  a small  spot  (about  1/4  mm  x 1/4  mm 
size)  is  focused  into  the  entrance  slit  of  a 0.3  m monochromator 
(instrumental  full  width  * 1 1)  set  at  5890  A.  The  D2  fluor- 
escence from  the  Na  atoms  is  found  to  be  of  about  twice  the 
intensity  of  the  fluorescence  (i.e.  the  ^^2^/2  ^^3/2 

states  are  strongly  mixed) , and  D2  fluorescence  is  detected 
instead  of  the  Dj^  fluorescence  to  avoid  instrumental  scattering. 
The  position  of  the  observation  spot  in  the  flame  can  be 
changed  by  moving  the  burner  horizontally  and  vertically  with 
translational  stages  (accuracy  of  positioning  = 0.2  mm).  The 
fluorescence  is  detected  with  a cooled  S-20  photomultiplier, 
whose  output  is  amplified  and  fed  to  the  vertical  scale  of  an 


68 


I oscilloscope.  The  horizontal  sweep  of  the  oscilloscope  is 

r . _4  _4 

! used  to  sweep  a magnetic  field  from  about  -32x10  to  +32x10 

j Tesla.  The  field  is  applied  perpendicular  to  the  laser  beam 

I and  to  the  direction  of  observation,  as  shown  in  Fig.  19. 

i The  Hanle  signal  from  a single  oscilloscope  trace  (sweep  time 

= 5 sec)  is  recorded  on  Polaroid  film.  Typical  recorded  sig- 
nals are  shown  in  Fig.  20  for  two  different  observation  spots 
in  the  flame. 

The  width  of  a Hanle  curve  at  a certain  position  in  the 

(7) 

flame  can  be  readily  converted  to  the  local  sodium  spin- 
relaxation  rate  after  correcting for  the  laser  power  broad- 
ening. In  this  way,  we  can  measure  the  local  relaxation  rates 

1 

I 

I for  a two  dimensional  array  of  points  in  the  flame,  and  the 

j results  for  the  methane-oxygen  flame  burning  in  air  are  pre- 
sented in  Fig.  21  in  the  form  of  a "contour  map"  of  spin 

relaxation  rates.  A photograph  of  the  flame  on  the  same  di- 

mensional scale  as  the  contour  map  is  also  shown.  The  spin 
relaxation  rate  is  a measure  of  the  rate  of  spin  exchange 
j collisions  and  chemical  reactions  of  the  sodium  atoms  with  other 

I atoms  or  molecules,  and  so  it  depends  on  the  local  composition 

J of  the  flame.  We  see  from  Fig.  21  that  in  the  flame  studied, 

there  exists  a small  region  of  minimum  relaxation  rate 
(<  3 X 10^/sec)  located  just  inside  the  luminous  blue  tip  of 
the  flame's  inner  cone.  A small  amount  of  broadband  incan- 
descence from  carbon  particles  is  seen  in  the  same  region. 

A platinel  thermocouple  is  used  to  estimate  the  flame  tem- 
perature at  various  points.  The  contours  of  constant  relaxa- 

70 


Figure  20:  Typical  Hanle  signal  observed  for  different 

positions  on  the  flame  axis:  (a)  18  mm  from  the 
bottom  of  the  flame  (b)  10  mm  from  the  bottom 
of  the  flame. 
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Figure  21:  Left:  Photograph  of  the  methane-oxygen  flame 

being  studied.  Right:  Contour  map  of  the  obser- 
ved spin-relaxation  rates  in  the  flame,  drawn 
to  the  same  scale  as  the  photograph.  The  numbers 
on  the  contours  give  relaxation  rates  when  mul- 
tiplied by  2it  X 10^/sec.  The  height  indicated 
is  measured  from  the  top  of  the  wire  mesh  seen 
in  the  photograph. 
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tion  frequency  (Fig. 21  ) are  found  to  be  roughly  parallel  to 
the  measured  isotherms.  The  maximum  temperature  from  the 
thermocouple  measurements  is  1350°C  (not  corrected  for  con- 
duction or  radiation  loss)  at  the  tip  of  the  inner  cone. 

With  the  laser  beam  spread  into  a sheet  with  a cylin- 
drical lens  and  the  magnetic  field  sweeping  at  a rate  of  the 
order  of  1 Hz,  the  modulation  of  fluorescence  from  the  most 
strongly  pumped  parts  of  the  flame  can  be  clearly  seen  with 
the  naked  eye.  The  modulated  fluorescence  comes  from  a thin, 
well-defined  surface  within  the  flame.  This  surface  appears 
just  inside  the  flame's  inner  cone. 

Similar  results  are  obtained  with  a propane-oxygen 
flame.  The  fuel  mixture  consists  of  53%  ppropane  and  47%  O2 
by  volume,  flowing  at  120  cc/min.  This  fljame  shows  a con- 

I 

siderably  greater  amount  of  carbon  incandescence.  A minimum 

6 ** 

spin  relaxation  rate  of  1.9  x 10  /sec  is  observed  in  the  in- 
candescent tip  of  the  inner  cone.  Strong  spin  polarization 
is  achieved  over  a much  larger  volume  for  the  propane  flame 
than  for  the  methane  flame.  We  have  also  tried  a diffusion 
flame  of  H2  burning  in  air,  with  a small  amount  of  O2  (5% 
by  volume)  premixed  with  the  H2  to  raise  the  flame  temperature 
enough  to  release  sodivim  from  the  NaCl  on  the  wire  mesh.  In 
this  H2  flame,  the  spin  relaxation  rate  is  comparatively 
large  12.6  x 10^/sec)  and  quite  uniform  over  a large  re- 
gion in  the  flame.  Hence  our  studies  indicate  that  the  con- 
tour map  of  the  relaxation  rates  depends  strongly  on  the  type 
of  flame. 
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The  spin  relaxation  rate  is  sensitively  dependent  on  the 
concentrations  of  species  capable  of  spin  exchange  collisions 
or  chemical  reactions  with  the  polarized  Na  ground-state 

atoms.  The  neutral  hydrocarbons  have  small  depolarization 

-22  -24  2 (105 

cross  sections  (10  - 10  cm  ) for  Na  atoms,  and 

should  not  be  responsible  for  the  observed  spin  relaxation 
rates.  The  effect  of  finite  transit  time  across  the  laser 
beam  is  also  negligible  for  our  case.  One  possible  explana- 
tion for  our  observation  of  sharp  minimum  relaxation  rates 
near  the  inner  cone  of  the  methane  flame  is  the  complete 
burning  of  the  oxygen  present  in  the  fuel-rich  mixture  used, 

I since  collisions  with  O2  or  0 are  probably  strongly  depolari- 

zing. The  residual  depolarization  in  this  region  could  be 

due  to  the  presence  of  OH  radicals  or  other  radicals,  which 

(3) 

are  known  to  be  present  in  the  reaction  zone. 

We  have  also  observed  strong  RF  magnetic  resonance 
signals  of  spin-polarized  optically-pxamped  Na  atoms  in  the 
propane  flame  described  earlier.  Here,  the  set-up  is  the  same 
as  that  in  Fig.  19,  except  that  H now  is  applied  parallel  to 

I the  laser  beam,  using  a small  pair  of  Helmholtz  coils  (about 

I 3 cm  diameter,  9 turns)  positioned  near  the  flame.  The  RF 

! amplitude  is  estimated  to  be  -lO  ^ Tesla.  Typical  magnetic 

1:  resonance  signals,  photographed  with  a sweep  time  for  H of 

I 2 seconds,  are  shown  in  Fig.  22*  This  is  the  first  experi- 

I mental  observation  of  optically  pximped  magnetic  resonance 

I transitions  in  a flame.  This  opens  the  possibility  of  using 
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spin-exchange  spectroscopic  techniques to  study  the  mole- 
cular structure  of  free  radicals  in  flames  or  measuring  the 
concentrations  of  radicals  and  other  flame  constituents. 

Further  studies  of  the  possible  applications  of  the 
optical  pumping  of  flames  with  various  constituents  and 
under  different  pressures  are  planned.  Such  possible  appli- 
cations include  flame  diagnostics,  or  spectroscopy  and  detec- 
tion of  free  radicals  and  ions  in  various  flames. 


* This  work  was  also  supported  by  the  Air  Force  Office  of 
Scientific  Research  under  Grant  AFOSR-74-2685 . 
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D.  TIME  RESOLVED  SPECTROSCOPY  OF  NO2* 

(R.  Gup  tat) 

There  is  a great  deal  of  interest  in  the  understanding  of 
combustion  phenomenon.  A thorough  understanding  of  the  combus- 
tion phenomenon  is  essential  for  development  of  efficient,  non- 
polluting engines.  As  a first  step  in  the  understanding  of  com- 
bustion, one  needs  to  develop  diagnostic  tools  for  species 
concentration  measurements  in  practical  combustion  environments 
(luminous,  particle-laden,  turbulent) . Optical  diagnostic 
methods  are  very  attractive  since  they  are  non-perturbing.  Several 
optical  techniques  for  species  concentration  and  temperature 
measurements  have  been  proposed,  e.g.,  spontaneous  Raman,  coherent 
antistokes  Raman,  and  fluorescence  spectrosocpy,  etc.  All  of 
these  techniques  have  their  ovm  advantages  and  we  have  chosen  to 
study  the  fluorescence  techniques  which  are  particularly  suited 
for  minority  species  concentration  measurements. 

We  have  set  up  an  experiment  to  study  the  time-resolved 
fluorescence  spectrum  of  gases  normally  found  in  the  combustion 
region  of  aircraft  engines  (e.g.,  NO,  NO2,  SO2,  etc.)..  We  have 
started  to  study  NO2  since  NO2  has  a rich  spectrum  in  the  visible 
region  where  dye  lasers  can  be  conveniently  used.  A thorough 
understanding  of  the  fluorescence  properties  of  NO2  is  essential 
before  optical  diagnostic  techniques  based  on  fluorescence  can  be 
developed. 

Study  of  the  visible  absorption  and  fluorescence  of  NO2  has 
presented  several  very  interesting  theoretical  and  experimental 
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problems.  It  has  been  known  for  quite  some  time  that  the  radiative 
lifetime  of  the  upper  state  (for  absorption  in  the  visible)  as 
deduced  from  absorption  studies  is  about  two  orders  of  magnitude 
shorter  than  that  found  by  phase-shift  method  or  by  time-resolved 
spectroscopy.  Numerous  extensive  investigations  of  this  anomalous 
lifetime  problem  have  been  made  under  a variety  of  experimental 
conditions. Although  much  progress  has  been  made  toward  under- 
standing this  anomaly,  a clear  explanation  of  all  the  observed 
effects  is  still  lacking.  It  is  with  this  aim  of  further  under- 
standing the  fluorescence  properties  of  NO2  that  we  have  undertaken 
the  present  experiment. 

Our  experimental  arrangement  is  shown  in  Figure  23.  Light 
from  a Molectron  N2  laser  pumped  dye-laser  goes  through  a quartz 
cell  with  NO2  in  it.  The  NO2  pressure  can  be  varied  and  monitored 
by  a capacitance  manometer.  The  fluorescence  from  NO2  in  a 

O 

relatively  narrow  band  lOA)  is  selected  by  a spectrometer  and 
detected  by  a photomultiplier  tube  (PMT) . Output  of  the  PMT  goes 
through  a discriminator  which  is  operated  in  the  gated  mode,  i.e., 
it  accepts  only  those  fluorescent  photon  pulses  which  arrive 
within  certain  time- interval  (gate)  after  the  laser  pulse.  The 
output  of  the  discriminator  supplies  the  stop  pulse  to  a time  to 
pulse-height  converter  (TPHC) . The  start  pulse  to  TPHC  is  provided 
by  output  of  a PIN  diode.  By  using  neutral  density  filters  we 
arrange  things  so  that  less  than  one  fluorescent  photon  is  detected 
per  laser  pulse.  TPHC  measures  the  time  between  the  laser  pulse 
(start  pulse)  and  the  arrival  of  the  fluorescent  photon  pulse 
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Figure  23 

A block  diagram  of  our  experimental  arrangement. 


(stop  pulse)  and  gives  an  output  pulse  whose  height  is  propor- 
tional to  this  time  interval.  These  pulses  are  sorted  according 
to  their  height  and  their  number  stored  by  a multi-channel  pulse 
height  analyzer  (MCPHA) . The  result  is  a decay  curve  of  the 
excited  state.  Typical  data  are  shown  in  Figure  24  for  excitation 

o o 

wavelength  - 4505  A and  observed  wavelength  = 5950  A.  The 
smooth  line  is  the  least-squares  fitted  curve  to  the  data.  We 
have  taken  similar  data  at  various  pressures  and  the  variation  of 
decay  time  with  NO2  pressure  is  shown  in  Figure  25. 

In  the  next  interval  we  will  take  more  data  at  lower  pressures 
and  at  different  wavelengths  and  give  an  interpretation  of  our 
observations. 

* This  work  was  also  supported  by  the  Air  Force  Aero  Propulsion 
Laboratory,  WPAFB,  Ohio. 

t In  collaboration  with  P.  Schreiber  and  S.  W.  Kizirnis  of  AFAPL, 
WPAFB,  Ohio. 

(1)  V.  M.  Donnelly  and  F.  Faufman,  J.  Chem.  Phys.  4100  (1977). 

There  are  numerous  papers  on  this  subject  and  reference  to 
most  of  the  other  work  may  be  found  in  this  paper. 
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of  the  decay  time  of  N0_  upper  state  with  NO-  pressure 


E.  NUCLEAR  SPIN  POLARIZATION  OF  Xe  BY  OPTICAL  PUMPING 
(M.  Y.  Hou,  W.  Happer) 

Physicists  have  found  sources  of  polarized  nuclei  useful  for 

performing  nuclear  physics  and  elementary-particle  experiments. 

Systems  of  polarized  nuclei  might  also  be  used  in  gyroscopes,  or 

even  in  computer  storage  systems.  Recent  work  by  Grover has 

shown  that  very  efficient  transfer  of  angular  momentum  can  take  place 

in  collisions  between  spin  polarized  Rubidium  atoms  and  the  heavy 
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noble-gas  nuclei.  As  many  as  10%  of  the  Xe  nuclei  in  a low 
density  sample  can  be  polarized  through  spin-exchange  collisions  of 
the  form, 

Rb(t)  + Xe(  + +)  » Rb(  + 4’)  + Xe(  + ) 

where  the  optically  pumped  Rb  atom  transfers  its  polarization  to 

129  (2) 

the  unpolarized  Xe  nucleus. 

We  would  like  to  apply  the  spin  exchange  polarization  method 
using  sodium  to  polarize  the  Xe  atoms.  By  using  laser  excitation 
instead  of  a conventional  alkali  lamp,  we  expect  to  obtain  signifi- 
cant polarization  in  Xe  samples  of  much  higher  density  since  we 
could  supply  angular  momentum  at  a much  higher  rate.  We  would  like 
to  study  the  influence  of  spin  exchange  collisions  and  relaxation 
mechanisms  in  samples  with  high  densitites  of  Xe  and  Na  vapor. 

One  proposed  experimental  setup  is  show  in  Figure  26:  A 5ml 
1720  glass  cylindrical  cell  containing  Na  metal,  a buffer  gas  of 
N2  at  500  torr,  and  Xe  or  Kr  at  a pressure  on  the  order  of  several 
torr  or  more  is  contained  within  a resistance-heated  oven  which  is 


i 
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capable  of  controlled  temperature  to  about  150"C.  A three-axis  set  of 
Helmoltz  coils  surround  the  oven,  and  the  whole  assembly  is  placed 
within  a cylindrical  magnetic  shield  to  reduce  external  fields  to 
below  10  yG.  Na  atoms  are  optically  pumped  by  a Spectra-Physics 
model  580  single  mode  dye  laser,  pumped  by  an  Ar^  laser,  with 

O 

TOO  mw  output  power  at  5896  A.  The  light  is  directed  along  the 
shield  axis  and  transmitted  light  is  collected  by  a photo  detector. 

We  apply  a rf  field,  cos  cot,  along  the  z-axis  perpendicular 
to  the  light  transmitting  direction  to  modulate  the  light  transmitted 
at  various  harmonics  pco  of  co-  Since  the  p=l  component  is  propor- 
tional to  the  Z-axis  field  and  is  insensitive  to  other  components, 
we  want  the  noble-gas  magnetization  to  be  oriented  along  the 
sensitive  Z axis.  Besides  the  field,  we  apply  a small  field  Hy 
which  is  perpendicular  to  and  When  is  suddenly  turned 

off  the  noble  gas  magnetization  processes  slowly  and  coherently  about  | 

Hy  and  can  give  a sinusoidal  component  along  the  Z-axis.  In  this 
way  we  can  measure  the  noble  gas  magnetization  and  its  exponential 
growth  and  decay  constants. 

Also  efforts  are  being  made  to  study  the  NaXe  collisional  spin 
relaxation  mechanism.  In  the  system  described  above,  relaxation  is 
due  to  wall  collisions  and  to  collisions  between  Xe  and  polarized 
Na  atoms.  There  are  at  least  two  possible  types  of  Na-Xe  collisions; 
sudden,  binary  collisions  and  three-body  sticking  collisions  which 
lead  to  bound  molecules. 

Convincing  evidence  for  the  existence  of  alkali  atom-inert  gas 

(3) 

molecules  has  been  presented  by  Bouchiat,  who  showed  that  the 
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rate  of  relaxation  of  polarized  rubidixom  atoms  in  krypton  depended 
strongly  on  the  external  magnetic  field  for  magnetic  fields  in 
the  range  of  0-100  G and  also  that  the  relaxation  rate  was  not 
proportional  to  buffer  gas  pressure,  even  when  the  effects  of 
diffusion  were  fully  taken  into  account.  We  wish  to  investigate 
whether  molecule  formation  is  important  by  observing  the  pressure 

dependence  and  magnetic  field  dependence  of  the  relaxation  rates. 

(4) 

The  experimental  arrangement  is  shown  in  Figure  27.  A strong 
pumping  beam  is  used  to  establish  a large  ground-state  polariza- 
tion in  the  vapor.  The  strong  beam  is  suddenly  removed  by  a fast 
shutter,  and  the  subsequent  evolution  of  polarization  in  the  vapor 
is  followed  by  monitoring  the  absorption  of  a very  weak  probing 
beam  which  has  negligible  influence  on  the  relaxation. 

By  monitoring  <S^>  of  the  system,  we  are  planning  to  measure 
the  relaxation  over  a wide  range  of  pressure  from  .1  torr  to  2 or  3 
atmospheres.  These  studies  should  help  us  to  determine  the  mechanisms 
of  the  relaxation. 

(1)  B.  C.  Grover,  Phys.  Rev,  Lett.  £0,  391  (1978). 

(2)  W.  Mapper,  Rev.  of  Mod.  Phys.  £4,  169  (1972) . 

(3)  C.  C.  Bouchiat,  M.  A.  Bouchiat  & L.  C.  L.  Pottier,  Phys.  Rev. 

181,  144  (1969). 

(4)  M.  Bouchiat  & F.  Grosset^te,  J.  Physique  353  (1966). 
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F.  RELAXATION  AND  EXCITATION  TRANSFER  OF  OPTICALLY 

EXCITED  STATES  IN  SOLIDS* 

(Y.  C.  Chen,  K.  P.  Chiang,  S.  R.  Hartmann) 

The  observation  of  photon  echo  modulation  in  Pr^^  in 

LaFj  was  reported  last  year.  Echoes  associated  with  the 
3 3 3 1 

**  Pq  and  **  D2  transitions  were  found  to  modulate 
both  as  a function  of  applied  magnetic  field  and  pulse  separa- 
tion. 

These  experimental  results  are  in  strong  disagreement 
with  the  work  of  the  Canadian  group. Instead  of  a modu- 
lated echo  behavior,  they  observe  the  echo  intensity  to  decay 
in  a simple  exponential  fashion  as  the  excitation  pulse  separa- 
tion is  increased.  These  experiments  were  done  on  the  - 
3 3+ 

Pq  transition  of  Pr  in  LaF^,  As  a check  on  our  work  we 
redid  our  experiment,  this  time  continually  referencing  the 
echo  intensity  at  t = 234  ns  where  the  echo  suddenly  regains 
its  initial  large  intensity.  These  experiments  confirmed  our 
previous  results.  The  peak  in  the  echo  intensity  is  in 
fact  quite  sharp.  (See  Fig. 28)  If  the  data  point  at  t = 234  ns 
is  deleted  then  our  work  would  agree  with  the  Canadian  work  in 
as  much  as  our  data  would  fit  quite  well  with  a simple  expo- 
nential. We  also  improved  our  echo  experiments  on  the  - 
^Pq  transition.  These  experiments  were  done  with  an  odJ  num- 
ber of  passes  through  the  optical  delay  line.  This  enabled 
us  to  obtain  data  points  more  closely  spaced  in  time. 

On  obtaining  the  above  mentioned  results  we  decided  to 
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change  our  echo  generating  technique  in  order  to  obtain  more 
stable  echoes  and  to  allow  us  to  do  PENDOR. We  are  build- 
ing a high  repetition  rate  double  pulsed  dye  laser  with  elec- 
tronically controlled  pulse  separation  times.  In  parallel 
with  this  program  we  have  been  analyzing  the  echo  modulation. 

We  are  now  able  to  account  quantitatively  for  our  echo  in- 
tensity vs.  pulse  separation  measurements.  Our  analysis  uses 
the  interaction  hamiltonians  whose  strengths  have  been  mea- 
sured by  other  workers.  These  interactions  all  have  a form 
which  is  quadratic  in  the  nuclear  spin  operators.  They  arise 
(in  the  absence  of  a magnetic  field)  from  the  combined  effect 
of  the  interaction  of  the  Pr  electric  quadrupole  moment  with 

the  electric  field  gradient  at  its  lattice  site  and  from  the 

(3) 

second  order  effect  of  the  nuclear  hyperfine  interaction.  ' 

As  we  will  see,  the  advantage  of  the  photon  echo  technique  is 
that  its  effects  depend  on  the  relative  orientation  of  the 
tensor  interactions  associated  with  the  different  atomic 
states.  Analysis  of  echo  modulation  reveal  the  relative  orien- 
tation of  these  tensor  interactions.  Our  experiments,  in  fact, 
also  enable  us  to  determine  the  sign  of  the  pseudo  electro- 
quadrupolar  interaction  associated  with  the  state  and  the 

sign  of  the  pseudo  electricquadrupole  interaction. 

Photon  echo  modulation  arises  from  interferences  among 
atomic  transitions  in  a coherently  excited  multilevel  system. 
Modulation  occurs  whenever  an  atomic  system  is  coherently  ex- 
cited to  a superposition  of  nearly  degenerate  energy  levels. 
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Each  atom  is  excited  into  a multilevel  superposition  and  beats 
with  itself  as  the  various  excited  transitions  come  into  and 
out  of  phase.  This  process  is  physically  different  from  in- 
coherent  relaxation  in  that  the  echo  degradation  does  not  re- 
sult from  an  irreversible  loss  of  phase  memory.  The  apparent 
loss  of  phase  memory  is  only  temporary  and  is  partially  re- 
coverable when  an  appropriate  condition  is  satisfied.  Local 
maxima  of  photon  echo  intensity  are  expected  when  the  angular 
frequency  difference  of  two  interfering  transitions  is  such 
that  when  multiplied  by  the  pulse  separation  t its  product  is 
2tt.  If  energy  level  splittings  are  dependent  on  an  external 
field,  there  will  be  echo  modulation  with  respect  to  the  mag- 
netic field.  By  studying  the  echo  behavior  as  a function  of 
the  pulse  separation  or  the  magnetic  field,  the  energy  split- 
tings can,  in  principle,  be  determined.  Photon  echo  modula- 
tion has  been  observed  before  in  ruby  as  well  as  in  LaF2:Nd^^. 

In  both  cases  the  multilevels  are  caused  by  the  interaction 

3+  3+ 

between  the  echo  atoms  (Cr  and  Nd  ) with  their  neighboring 

magnetic  nuclei  (A1  and  F) . For  Pr^^  in  LaF^,  the  coupling 

between  the  Pr^^  ions  and  the  F or  La  nuclei  is  negligible 

since  Pr^^  is  a non-Kramers  ion  whose  electronic  degeneracy 

is  completely  lifted  by  the  crystaline  field  and  consequently 

3+  . 

there  is  no  magnetic  moment  associated  with  the  Pr  in  LaF^. 
The  interaction  which  gives  rise  to  the  "multilevel  system" 

capable  of  interfering  with  itself  is  therefore  different  in 

3+  3+ 

the  case  of  LaF^tPr  than  that  in  ruby  and  in  LaF2:Nd 

The  hamiltonian  of  Pr^^  ions  in  LaF^  can  be  written  as 
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H = + gBH-5  + A 


(1) 


where  H^p  is  the  crystal  field,  g and  g^^  are  electronic  and 
nuclear  g factors,  respectively,  0 and  3^^  are  electronic  and 
nuclear  magnetons,  respectively,  H is  the  magnetic  field,  J 
and  ? are  the  electronic  and  nuclear  angular  momentum  vectors, 
respectively,  A is  the  hyperfine  constant,  Hq  is  the  electric 
quadrupole  interaction.  The  nuclear  electric  quadrupole  in- 
teraction has  not  been  measured  directly  before.  The  nQR  re- 

(4) 

suits  of  Anderson  and  Proctor  for  the  La  nuclei  in  LaF^ 
provide  us  with  an  approximation  for  the  hamiltonian  of  Pr 
nuclei  in  LaF^.  Assuming  that  the  Pr  impurities  do  not  dis- 
turb the  electric  field  gradient,  the  nuclear  quadrupole  in- 

(4 ) 

teraction  can  be  expressed  as 

-i0J  - - _ ie  J 

H = ±e  ^(0.42  I + 0.26(1  )je  ^ MHz  (2) 

V ^ ^ y 

where  6 (=  53.6°)  is  the  angle  between  the  major  component  of 
the  field  gradient  and  the  z axis.  The  coordinate  system  is 
chosen  so  that  ^ is  parallel  to  the  two  fold  axis,  2 is  para- 
llel to  the  crystal  C-axis,  and  X is  perpendicular  to  ^ and  2 
axis.  We  have  used  the  fact  that  the  antishielding  factors 
for  the  rare  earths  are  the  same  for  each  rare  earth and 
that  the  ratio  of  the  electric  quadrupole  moments  for  the  Pr 
and  La  nuclei  is  -0.32.^^^  The  symbol  (±)  indicates  that  the 
overall  sign  of  the  quadrupole  interaction  is  unknown. 
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For  Pr  in  LaF^,  all  the  electronic  levels  are  non- 
degenerate and  have  (5>  =0.  It  follows  then  that  the  elec- 
tronic Zeeman  coupling  and  the  hyperfine  coupling  all  vanish 
to  first  order.  In  second  order,  these  couplings  all  have 
an  effect  which  strength  depends  on  the  proximity  of  near 
lying  levels.  The  major  second  order  effects  come  from  the 
hyperfine  interaction  acting  with  itself  to  provide  a pseudo- 
quadrupole  interaction  and  with  the  hyperfine  interaction 
acting  in  combination  with  the  nuclear  Zeeman  interaction  to 


produce  an  enhanced  nuclear  Zeeman  interaction, 


(3) 


The 


effective  hamiltonian  can  be  written  as 


(7) 


.1  . . , * ['’ly'  * + « 

1— X , y , z , 


Q 
(3) 


where  the  parameters  K , P and  n depend  on  the  crystal  field 
level  according  to 


Ki  = 2gSA.i 


(4) 


„ _^X'X'''’^Z'Z'_A 

F = 2 y'y' 


(5) 


T = 


^z'z'  ■ ^x'x' 


(6) 


"i:  ' I 


A<0|J.  InXnlJ.  |0> 


n 


^n  - ^0 


(7) 


n 
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where  and  |n>  are  the  energy  and  wave  function  of  the  n^" 
level.  The  wave  function  of  the  singlet  under  consideration 
is  |0>.  The  primed  system  is  the  principle  coordinate  in 
which  the  tensor  is  diagonal.  It  can  be  shown  that  the 
primed  system  and  the  unprimed  system  share  at  least  a common 
axis  which  is  the  two  fold  axis  of  C2  (9  axis) . If  the 
angle  between  2 and  2‘  is  0,  then  the  hamiltonian  can  be 
written  as  a function  of  K^'s  and  0. 


H = + ge^{[(l+K2,)cos20  + (l+K^,)sin^0]I^  + C (1+K^ , ) - (1+K^ , ) ] 

35Sin^0  !„}  + e y pCi  ^ + t(I  ^-I^^)]  e^'^y  + H 

X j •j  z X y 


If  P is  the  interaction  parameter  for  the  major  component  of 

the  principle  coordinate  of  A^j,  then  P is  always  negative. 

If  P is  not  negative,  we  can  always  add  a constant  operator 

to  the  pseudoquadrupole  interaction  so  that  the  hamiltonian 

(0\ 

has  a negative  parameter  for  the  major  component. 

To  determine  the  range  of  the  enhancement  factors,  we 
( 8 ) 

work  out  sum  rules 


|<0|j^|n> 


X,  + K + K , = 2g3A  I I 

Air  I II<0|J.  |n>  |2  < K , + K , + K . 

^'"Vax  i=x',y',z'  n ^ x y z 


< -rlff-T  ^ l<0|Jjn)| 

min)  i=x' ,y' ,z'  n 
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where  (AE)  and  (AE  . ) are  the  energy  spacings  between  the 
max  mm 

ground  state  and  the  highest  and  the  lowest  excited  states.  If 

a term  J 1(01j.10)1  , which  is  zero,  is  added  to  both 

i=x',y',z' 

sides  of  the  inequalities,  we  have 

~ <0lJ^l0><K  . + K + K , < -7§|p—  <0|j^lO>  (11) 

^^^^max  X y z '^^Vin 

or 


2geA 

(AE) 


J(J  + 


max 


IXKx. 


+ K 


y' 


+ K 


_22M_ 

(AE) 


J(J  + 1) 


(12) 


mm 


Combining  Eq.  (5)  and  Eq.  (12) , we  obtain 


1 [tUt-  • •'“5'’]  ‘^'4  [tUt^ 

max  ■*  mm 

For  the  ^Pq  state,  the  second  order  effects  can  be  neglected 
since  there  are  no  near  lying  levels.  The  nuclear  hamiltonian 
is  given  by 


=■  H-I  . . (14) 

For  the  ground  state,  the  hamiltonian  contains  two 
variables,  Kyi*  9,  if  P and  n are  known.  Erickson has 

measured  the  nuclear  energy  splittings  associated  with  the  ground 
state  by  the  optical  RF  double  resonance  technique.  The  zero 
field  splittings  of  8.47  MHz  and  16.7  MHz  can  be  fitted  by  a 
hamiltonian 


H = -4.185  + 0.036  (I  - I „^) ] MHz  (15) 

Z ^ j 

where  one  of  the  coordinate  axis  is  parallel  to  y while  the  other 
two  are  in  the  plane.  Since  the  pseudo  quadrupole  interaction 
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is  much  larger  than  the  pure  quadrupole  interaction,  Erickson's 
interaction  parameters  imply,  according  to  Eq.  (13) , 

6 <Ky,  <12  . (16) 

The  magnitude  of  K^,  0,  and  the  over  all  sign  of  the  excited 
state  hamiltonian  can  be  obtained  from  the  photon  echo  modulation 
data.  The  parameters  and  0 are  varied  under  the  constraint 
that  the  combined  effect  of  Hq  and  the  second  order  hyperfine 
interaction  gives  the  hamiltonian  obtained  by  Erikson.  In  order 
to  fit  the  echo  modulation  as  a function  of  pulse  separation  as 
presented  in  Fig. 2 8 and  the  echo  modulation  data  as  a function 
of  magnetic  field  as  presented  in  Fig. 29  and  Fig. 30  simulta- 
neously, we  find  that  the  interaction  parameters  for  the  pure 
quadrupole  interaction  should  be  negative  and 

K • = 8 (17) 

y 

K + K , « 1.3  . (18) 

X z 


The  solid  curves  accompanying  the  corresponding  experimental 
data  are  the  theoretical  curves  using  the  above  parameters.  We 
are  not  able  to  determine  the  angle  0 since  the  theoretical  echo 
behavior  is  found  not  sensitive  to  0 when  K ,>>K  , and  K 
More  detailed  data  are  required  to  determine  the  orientation 
of  the  principle  axes. 

We  have  shown  theoretically  and  experimentally  that  echoes 
3 3 

associated  with  the  *•  transition  do  modulate  signifi- 

cantly when  taken  as  a function  of  pulse  separation.  The 
locations  of  local  maxima  of  echoes  are  simply  integer  multiples 


PULSE  SEPARATION 


(31V0S*9av) 
AilSN31NI  OHD3  NOlOHd 


of  115  ns,  which  is  g MHz'  inverse  of  the  ground  state 

nuclear  splittings. 

An  interesting  result  is  that  the  average  of  the  enhance- 
ment factors  for  Pr^^  in  LaF^  inferred  from  the  echo  modulation 
data  is  in  agreement  with  that  obtained  by  magnetic  susceptibility 
measurement  in  PrF^  powders. According  to  our  data  analysis, 
the  average  value  of  K^'s  is 

K = i (K^  + Ky  + K^)  = 3.1  (19) 

On  the  other  hand  the  magnetic  susceptibility  of  the  powder  of 

PrFj  is  found  to  be  , which  also  gives  an  average  value 

of  3.1  for  the  magnetic  enhancement  factors. 

We  would  like  to  mention  that  the  magnitude  of  the  largest 

magnetic  enhancement  factor  inferred  from  our  data  is  almost 

(9) 

one  half  of  the  enhancement  factor  obtained  by  Erickson. 

It  is  possible  that  Erickson's  result  was  obtained  by  an 
inadvertant  excitation  of  a AM  =+  2 forbidden  transition  which 
had  twice  the  transition  frequency  as  the  allowed  AM  = ± 1 
transition. 

A PENDOR  experiment  is  under  way  to  resolve  the  ^P^  state 

nuclear  quadrupole  splittings  and  to  obtain  direct  information 

concerning  the  magnetic  enhancement  factors.  The  PENDOR  technique 

will  also  provide  us  with  the  knowledge  about  the  electronic 

3+ 

antishielding  factor  of  Pr  ion  at  low  temperatures.  We  have 

4 4 

generated  photon  echoes  associated  with  the  ^15/2  **  ^3/2 
transition  (5387  A)  of  LaF^tEr^^.  At  a pulse  separation  of 
64  ns,  a strong  magnetic  field  induced  modulation  is  observed. 
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This  is  believed  to  be  caused  by  the  interaction  between  the 
ion  and  its  neighboring  F nuclei.  Photon  echoes  are 
observable  only  at  41  ns  and  64  ns  in  low  temperatures.  This 
implies  that  there  must  be  a temperature  independent  fast  relaxa- 

4 

tion  process  associated  with  the  ^2/2  relaxation 

process  is  probably  a non  radiative  multiphoton  process  which 

3+ 

is  temperature  independent  and  has  been  observed  also  in  Er 
ions  in  oxide  glasses. We  intend  to  pursue  our  studies 
of  the  relaxation  process  Er^^  ions  in  LaF^  and  in  amorphous 
materials  by  photon  echo  and  PENDOR  technique. 

* This  work  was  also  supported  by  the  National  Science 
Foundation  under  Grant  NSF-DMR77-05995. 
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G.  DYNAMICS  OF  LASER  INITIATED  CHEMICAL  REACTIONS  IN  LOW  PRESSURE 
GASES  WITH  MODE  SPECIFIC  EXCITATION  (CO,  LASER  DECOMPOSITION 
OF  PERFLUOROCYCLOBUTANONE) * 

(K.  Casleton,  G.  Hill,  N.  J.  Turro,  G.  W.  Flynn) 


Introduction; 

Infrared  (IR)  lasers  have  been  utilized  to  induce  chemical 

reactions  in  a large  number  of  molecular  systems. In  some  cases, 

such  reactions  occur  from  a molecular  energy  distribution  which 

exists  before  the  laser  excited  vibrational  energy  levels  achieve 

equilibrium  with  the  translational  energy  levels.  Part  of  the 

interest  in  the  use  of  IR  lasers  arises  from  the  possibility  of 

selective  molecular  decomposition.  The  selectivity  may  be  molecular 
(2) 

selectivity  (in  which  a single  isotope,  structural  isomer  or 

molecule  in  a mixture  is  caused  to  react)  or  channel  selectivity 

(in  which  reaction  occurs  via  a non-thermal  pathway) . To  date, 

molecular  selectivity  is  well  documented  in  laser  isotope  separa- 

tions^^^  and,  in  one  case,  BCl^  was  freed  of  COCI2  impurity  via 

IR  laser  irradiation  of  the  C0Cl2»  However,  channel  selectivity 

(2) 

has  been  demonstrated  in  only  one  case.  Results  which  indicate 

I channel  selectivity  must  be  carefully  scrutinized  as,  following 

' energy  equilibration,  high  temperatures  exist  which  may  lead^^^ 

I to  thermal  reaction.  In  such  cases,  it  is  difficult  to  deconvolute 

i 


j 

i 


the  laser  and  thermal  reactions. 

In  a typical  IR  laser-induced  reaction,  the  energy  is  deposited 
into  the  vibrational  manifold  of  the  absorbing  molecule.  If  this 
energy  is  greater  than  the  critical  energy  for  reaction,  Eq,  the 
molecule  will  react.  The  reaction  of  such  a molecule  is  defined 


J 
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here  as  infrared  laser-induced  photochemistry.  Competitive  with 
the  reactive  process  is  energy  relaxation  which  leads  to  a thermally 
equilibrated  system.  If  reaction  occurs  after  this  equilibration, 
the  reaction  is  a laser-induced  photolysis,  or  thermal  reaction. 

In  addition  to  the  aforementioned  selectivities , IR  lasers 
may  prove  useful  in  two  additional  areas.  First,  they  provide 
a convenient  method  of  initiating  reactions  for  gas  phase  kinetic 
studies.  Second,  they  may  provide  method  for  modeling  the 
internal  conversion  component  in  a photochemical  reaction. 

Perf luorocyclobutanone  (PFCB)  was  chosen  as  a model  compound 
for  an  IR  photochemical  study.  PFCB  has  been  shown  to  exhibit 
wavelength  dependent  photochemistry. The  UV  photolysis  of 
PFCB  yields  tetraf luoroethylene  (C2)  and  perfluorocyclopropane  (C^) 
as  products.  At  a constant  pressure  of  1 torr  the  C^/C2  ratio 
decreases  from  23  for  irradiation  at  405  nm  to  0.2  for  irradiation 
at  313  nm.  This  effect  has  been  ascribed  to  an  increase  in  the 
efficiency  of  the  internal  conversion  of  energy  from  the  electronic 
excited  state  (^S)  to  a highly  vibrationally  excited  ground  state 
molecule  (°S) . 

Results: 

a.  Product  Analysis 

The  major  product,  from  the  IR  photolysis  of  perf luoro- 
cyclobutanone are  tetraf luoroethylene,  (C2)  perfluorocyclopropane, 

(C^)  and  carbon  monoxide.  Trace  amounts  of  perf luoropropene  are 

2 

also  observed.  At  a fluence  of  0.75  J/cm  , with  low  conversion 
(less  than  10%)  the  ^2/0^  product  ratio  is  26. 5.  The  amounts  of 
product  formed  varies  with  gas  pressure,  added  inert  gas  (N2,  Ar) , 


extent  of  reaction,  and  laser  fluence.  Figure  31  is  a plot  of  the 
amount  of  product  formed  vs  the  number  of  laser  events  with  a 
starting  pressure  of  0.4  torr  of  PFCB.  The  perf luorocyclopropane 

-3 

rises  to  a plateau  of  6x10  torr.  This  plateau  occurs  for  two 
reasons,  first  as  the  reaction  progresses  there  is  less  PFCB  to 
react  and  the  products  appear  to  inhibit  reaction.  Second  the 
c-C,F^  is  unstable  under  the  reaction  conditions.  In  high  pressure 
(1  torr)  experiments  in  which  0.5  torr  c-C^Fg  was  added  as  a dilutent, 
the  c-C,F^  was  ~90%  reacted  after  250  laser  events.  The  tetra- 

j b 

f luorethylene  rises  quickly  and  begins  to  level  after  s200 

flashes. 

The  addition  of  an  inert  gas  (Ar,  N2)  decreases  the  rate  of 

formation  of  both  C~F.  and  c-C,F,.  However,  the  decrease  of  C_F. 

2 4 3 6 2 4 

is  about  2.5  times  as  great  as  for  c-C^Fg  (Fig.  31).  In  these  low 
pressure  experiments  the  major  effect  of  the  inert  gas  is  to 
increase  the  heat  capacitance  and  hence  lower  the  temperature  of  the 
system. 

Figure  32  is  a plot  of  the  reaction  yield  vs  the  initial 
pressure  of  PFCB  photolized  at  a constant  fluence  for  10  laser 
shots.  In  the  low  pressure  regime  (less  that  0.4  torr)  the  increase 
in  both  products  is  linear  with  increasing  PFCB  pressure.  The 
C2/C2  ratio  is  about  6.5  for  all  cases.  When  the  PFCB  pressure  is 
increased  to  0.8  torr  the  c-C^Fg  increase  is  slightly  greater  than 
what  a linear  extension  of  the  low  pressure  points  would  predict, 
while  the  nonlinearity  in  the  C2F^  is  noticeably  laurger.  The  ^2/0^ 
product  ratio  increases  to  13.  If  the  pressure  is  further  increased 
to  4.8  torr  this  ratio  becomes  40. 
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b.  Dynamic  Experiments 

The  time  evolution  of  the  IR  fluorescence  from  the  products 
(C2F^  and  CO)  was  observed.  The  fluorescence  rise  time,  in  all  cases, 
was  found  to  exactly  follow  the  leading  edge  of  the  laser  pulse. 

No  delay  in  the  begining  of  the  rise  was  seen;  however,  laser  Jitter 
limited  time  resolution  to  ~lus.  Figure  33  and  34  are  the  S.Sy 
(C2F4)  product  fluorescence  at  1.9  torr  and  0.15  torr  PFCB  respec- 
tively. At  the  lower  pressure  there  is  a rapid  fall  to  near  base 
line  in  60ys  which  is  followed  by  slow  cooling.  At  1.9  torr  little 
decay  is  seen  in  1 ms. 

Discussion: 

These  preliminary  results  on  the  laser  induced  decomposition 
of  perf luorocyclobutanone  indicate  that  a complex  mechanism 
involving  chemical  reactivity  of  vibrationally  excited  molecules, 
intermode  energy  transfer,  and  vibration-translation/rotation 
relaxation  is  operative.  Further  experiments  are  planned  to  determine 
the  dynamic  behavior  of  both  the  reactant  and  product  energy 
distributions  by  use  of  infrared  fluorescence,  mass  spectrometry, 
and  visible  laser  induced  fluorescence. 

* This  work  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-CHE76-04118. 
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II.  GENERATION  AND  CONTROL  OF  RADIATION 


A.  SPONTANEOUS  AND  INDUCED  COHERENT  RADIATION  GENERATION 
AND  CONTROL  IN  ATOMIC  VAPORS 

(A.  Flusberg,  S.  R.  Hartmann,  R.  Kachru,  K.  Leung, 

T.  Mossberg) 

We  have  observed  three  new  transient  coherent  effects: 

(a)  excited-state  photon  echoes, (b)  tri-level  echoes, and 

(3) 

(c)  two-photon  echoes.  We  have  made  the  first  observations 

of  these  three  effects  in  Na  vapor  using  the  same  pair  of  N2- 

laser-pumped  dye  lasers.  In  each  experiment,  one  of  the  dye 

2 2 

lasers  used  is  resonant  with  the  Na  3 ^1/2  wave- 

length A'  = 589  nm,  while  the  second  is  resonant  with  one  of  the 

3 Pj^^2  ” 1^)  transition  wavelength  A";  here  |c)  stands  for  an 
2 2 

excited  n '^2,/2  ®l/2  ^ sample  sequence  of  pulses  of 

each  frequency  applied  in  the  observation  of  each  effect  is  shown 
in  Figure  35.  The  excitation  pulse  sequence  and  the  rephasing 
mechanism  is  distinct  for  each  type  of  echo,  a distinction  which 
is  brought  out  by  the  particular  relationships  between  the 
direction  of  propagation  of  the  excitation  pulses  and  that  of 
each  echo.  The  size  of  each  echo  is  determined  by  different 
relaxation  parameters.  In  the  remainder  of  this  report  we  treat 
each  type  of  echo  separately. 

a)  Excited-state  photon  echoes. 

Excited-state  photon  echoes  are  photon  echoes  produced 
between  states  which  are  both  thermally  unpopulated.  Our  work 
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Figure  35  : 

Applied  sequence  of  excitation  pulses  (solid  lines)  of  wave- 

2 2 

length  A'  (resonant  with  the  Na  3 ^1/2  transition)  and 

2 

X"  (resonant  with  the  3 transition,  where  |c> 

represents  a higher  S or  D state  of  Na)  for  the  observation  of 
(a)  excited-state  photon  echoes,  (b)  tri-level  echoes,  and 
(c)  two-photon  echoes.  The  echo  is  shown  in  dashed  lines  in 


each  case. 


represents  the  first  observation  of  the  excited-state  photon  echo, 
which  we  have  used  to  measure  collisional  relaxation  constants 
for  a number  of  transitions  between  optically  excited  states  of 

atomic  sodium  in  either  Ar  or  He  gas.  In  the  presence  of  Ar  the 

2 2 2 2 . 

3 P^^2~(5,6)  ^1/2  ^ P2./2”  ^ ® ^3/2  transitions 

2 2 2 2 

were  studied,  while  the  3 ®l/2  ^ ^1/2"^  'D2^2  transi- 

tions were  studied  in  the  presence  of  He.  We  have  also  used  the 
conventional  photon-echo  technique  to  measure  the  collisional 
relaxation  constants  of  the  Na  D,  » transitions  in  the  presence 
of  Ar.  The  use  of  the  photon-echo  effect  to  study  these  transi- 
tions demonstrates  a significantly  wider  range  of  applicability 
than  has  previously  been  appreciated. 

The  excited-state  echoes  are  produced  by  two  pulsed  dye 
lasers  pumped  transversely  by  a single  N2  laser.  The  dye  lasers 
produce  1(3)  kW  peak  power,  7-ns-FWHM  pulses  with  a spectral  width 
of  1(7)  GHz,  respectively.  The  dye  laser  with  a 7-GHz  spectral 

width  (the  "pump"  laser)  is  tuned  to  resonance  with  the  Na 

2 

line  to  populate  the  3 while  the  other  (the  "echo" 

2 2 2 2 

laser)  is  tuned  to  the  appropriate  3 ®l/2  ^ ^1/2”’^  ^3/2 

transition.  The  echo  laser  pulse  is  split  into  two  "excitation" 
pulses,  one  of  which  is  optically  delayed  with  respect  to  the 
other.  All  three  pulses  are  then  superimposed  and  made  collinear, 
with  the  pump  pulse  preceding  the  first  excitation  pulse  by  4 ns. 
The  beams  are  collimated  with  a common  3-mm  diameter  and  made  to 
pass  through  the  sodium  cell.  The  cell  consists  of  a 65-cm-long 
stainless-steel  tube  heated  in  the  center  and  cooled  at  the  ends. 
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The  sodiiun  densities  are  determined  by  the  vapor  pressure  versus 
temperature  curve.  The  foreign  gas  pressure  is  monitored  by  a 
Baratron  capacitance  manometer.  Following  the  sodium  cell  are  a 

9 

series  of  three  Pockels-cell  shutters  which  provide  >10  extinc- 
tion of  the  three  laser  pulses.  The  shutters  are  opened  at  the 
echo  time  by  a krytron  switch  which  is  triggered  by  a transistor 
Marx  bank.  The  polarization  of  the  three  laser  pulses  is  not 

controlled,  but  the  Pockels-cell  shutters  pass  only  one  component 
of  linear  polarization.  Finally  the  echo  signal  is  detected  by 
a photomultiplier.  The  collisional  relaxation  rates  for  the 
various  transitions  are  determined  by  monitoring  the  echo  signal 
(at  fixed  separation  between  the  two  excitation  pulses)  as  a 
function  of  foreign-gas  pressure. 

Photon  echoes  are  largest  and  most  stable  when  the  excitation- 

pulse  sequence  is  Tr/2  and  it.  The  laser  intensity  necessary 

(4 ) 

for  a ir/2  pulse  on  a two-level  system  is 

1^/2  " Tf^ftc/3X^TpA  , (1) 

where  c is  the  speed  of  light,  X is  the  wavelength,  A is  the 

Einstein  A coefficient,  and  t is  the  excitation  pulse  width. 

P 

This  can  be  written  in  terms  of  the  oscillator  strength  f as 

\/2  “ , (2) 

where  r is  the  classical  electron  radius.  Here  we  have  used  the 
e 
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2 2 

relation  A = Sir  r^cf/X  . Using  the  semi-empirically  calculated 

(5) 

alkali  oscillator  strengths  of  Anderson  and  Zilitis,  we  find 

2 

that  with  T = 7 ns,  I IS  only  8 W/cm  for  the  Na  3P-7D 

_3 

transition  (X  = 450  nm,  f = 8 x 10  ) . In  Ref.  (5)  the  values 

_3 

of  f for  the  3P-nD  transitions  decrease  roughly  as  n for 
large  n,  a result  feuniliar  from  an  exact  calculation  in  hydrogen. 
At  the  3P-14D  transition  (X  = 420  nm) , still  only 

70  W/cm^. 

The  intensity  of  the  echo  signal  can  best  be  appreciated  by 
expressing  it  in  terms  of  the  intensity  of  the  laser  pulse  used 
to  generate  it.  For  an  optically  thin  sample  of  atoms  with  a 
single  non-degenerate  transition  the  number  of  photons  radiated 

(4 ) 

in  the  echo  neglecting  relaxation  effects  is 


N 


^ p 3X^L 
2 8it 


T*  T* 

^ f (aw  ^ at  , 


(3) 


where  p is  the  number  density  of  atoms  initially  in  the  populated 

(thermally  or  by  laser  pumping,  as  the  case  may  be)  state;  a is 

the  cross  sectional  area  of  the  excitation  pulses,  (T|)”^  is  the 

transition  inhomogeneous  linewidth,  L is  the  sample  length,  and 

T > Ti.  Eq.  (3)  can  be  written  in  terms  of  the  absorption 
P ^ 

2 

coefficient  a = (3/4Tr)pX  AT*  as  follows: 


N = (aL/Tr)^Ng^  . 


(4) 


Here  is  the  number  of  photons 


N 


■rr/2 


= I ,-XaT  /he  in  a tt/2 
■n/z  p 


(6) 
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excitation  pulse  if  the  pulse  is  Fourier-transform  limited  and 
the  transition  is  nondegenerate.  In  the  more  general  case,  we 
set  equal  to  the  number  of  excitation  photons  required  to 
equalize  the  upper-  and  lower-state  populations.  This  can  be 
obtained  from  ' ^^■n/2'  ^^®  greater  of  T* 

and  Tj^,  Tj^  being  the  inverse  spectral  width  of  the  excitation 
pulses. 

We  emphasize  the  importance  of  Eq.  (4) , which  shows  that 

for  oL  approaching  unity  the  number  of  photons  in  the  echo  is 

only  about  two  orders  of  magnitude  smaller  than  the  number  of 

photons  in  an  excitation  pulse.  In  our  experiments  two  factors 

cause  the  echo  size  to  be  smaller  than  the  maximum  predicted  by 

Eq.  (4).  First,  the  excitation-pulse  separation  x,  typically 

21  ns  in  our  experiments,  is  long  compared  to  the  16-ns  lifetime 
2 

of  the  3 state;  the  observed  echo  intensity  at  x = 2 ns  is 

thus  reduced  to  no  more  than  exp[(-21/8)]  ss  0.07  of  its  unrelaxed 

value.  Second,  the  laser  pump  beam  is  collinear  with  the  echo 

2 

excitation  beams.  Thus  only  on  the  conventional  echo  3 
2 

3 Pj^/2  3/2  t^s^sitions  do  we  excite  the  sample  uniformly  and  still 

attain  aL  = 0(1).  In  this  case  with  x /x'  w 20  and  with  the 

P 

relaxation  factor  of  0.07  taken  into  account,  Eq.  (4)  predicts 

7 7 

N 4 X 10  , which  compares  well  with  the  « 10  photons  we  observe. 

For  experiments  on  transitions  within  the  excited-state  manifolds, 
however,  it  is  not  possible  to  both  pump  the  ground-state  popula- 
tion into  the  lower  excited  state  throughout  the  entire  sample 
length  and  achieve  a^L  = 1 at  the  echo  transition  wavelength. 
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This  difficulty  results  from  the  fact  that  the  absorption 

coefficient  of  the  pump  pulse  is  much  larger  than  that  of  the 

excitation  pulses.  For  UpL  >>  1,  only  a length  of  sample  ~ 

is  pumped,  with  p being  negligible  elsewhere.  Here  the 
P 

subscripts  P and  E refer  to  the  pump  and  echo  transitions, 

2 

respectively.  Then  N « (a-/a_)  N ^ is  independent  of  atomic 

ih  p ex 

density  (for  fixed  pump  power) , and  it  follows  from  the  defini- 

2 . . 
tion  of  a and  that  N « X f for  Doppler-broadened  transitions. 

Our  observations  roughly  bear  out  these  predictions. 

If  we  were  to  pump  transversely  or  bleach  the  pump  transi- 
tion, the  excited-state  echo  signals  could  be  much  larger.  Never 

theless,  our  signals  were  quite  large,  e.g.  as  3 x 10^  photons  in 
2 2 

the  3 ®3/2  signal-to-noise  ratios  were  large, 

as  well,  and  were  typified  by  Pig.  36  where  we  have  shown  echo 

intensities  versus  Ar  gas  pressure  at  fixed  pulse  separation  for 

2 

several  transitions  between  the  3 Pj^/2  various  S states 

The  data  of  Figure  36  behave  according  to  dl/dP  = -&I,  where 

3 is  a collisional  decay  constant.  Measured  values  of  6 for 

several  transitions  are  listed  in  Table  IX  . In  the  fifth  column 

of  Table  IX  we  have  tabulated  the  values  of  y = t/6  in  ns-torr. 

To  within  experimental  error  y is  found  to  be  independent  of  t 
2 2 

for  the  3 ^3/2  transition,  i.e.  this  echo  decays  exponen- 

13 

tially  with  delay  time.  This  contrasts  with  the  CH^F  measure- 

3 

ments  of  Schmidt  etal.,  in  which  an  exp(-kT  ) contribution  to 

(7) 

the  collisional  decay  of  a two-pulse  photon  echo  was  observed. 

We  may  conclude  that  either  population-changing  our  phase- 
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Figure  36  : 

Decay  of  echo  intensity  versus  Ar  gas  pressure  for  the 

2 2 . . 

3 Pi/2  ■ Sj^/2  transitions.  Each  point  repre- 

sents an  average  of  approximately  100  laser  shots.  For 
each  transition  a number  of  such  sets  of  points  giving 

echo  intensity  versus  pressure  are  obtained.  A 6 (from 
— BP 

I = e ) is  determined  for  each  set  by  a least- 
square  fit,  and  our  final  value  of  B is  a weighted  aver- 
age of  the  B's  for  the  individual  data  sets.  The  re- 
lative intensities  of  the  echoes  for  the  various  trans- 
itions cannot  be  determined  from  this  figure. 


Figure  36 
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interrupting  collisions  (or  both)  dominate  over  velocity-changing 

2 2 

collisions  in  producing  decay  of  the  3 ^3/2  Indeed, 

as  pointed  out  by  Berman,  Levy  and  Brewer, ' ' the  t decay,  which 
arises  from  velocity-changing  collisions,  may  occur  only  when 
the  collision  interaction  is  nearly  the  same  for  both  states 
involved  in  the  echo,  i.e.  when  phase-interrupting  collisions 
play  a negligible  role.  In  the  present  study  the  superposition 
is  always  between  two  different  electronic  states;  therefore, 
even  in  the  absence  of  population-changing  collisions,  we  expect 
phase-interrupting  collisions  to  dominate  over  the  effect  of 
velocity-changing  collisions.  It  is  thus  reasonable  to  assume 
that  7 is  independent  of  t for  all  the  echo  transitions  we  have 
studied. 

Our  data  allows  the  calculation  of  a collisional  constant 

K = p/yP£  which  we  can  compare  to  the  corresponding  collisional 

angular-momentum-mixing  constant  K ',  as  measured  by  Gallagher, 

Edelstein  and  Hill  for  the  various  Na  D states. ' ' Here  is 

the  foreign  gas  atomic  density.  Our  collisional  constants  and 

those  of  Gallagher  appear  in  the  sixth  and  seventh  columns, 

respectively,  of  Table  IX.  if  only  those  collisions  which  mix 

2 

the  angular  momentum  of  the  n D states  were  responsible  for  the 

echo  decay,  then  K would  equal  2K'.  It  can  be  seen  from  Table  IX 

that  in  all  cases  K is  considerably  larger  than  2K'.  The  dis- 

2 

crepancy  is  not  due  to  collisional  relaxation  in  the  3 Pj^/2 

2 2 

only,  since  the  value  of  K(Ar)  for  the  3 ^1/2 

relatively  small.  The  fact  that  K >>  2K'  indicates,  instead. 
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that  quenching  collisions  of  the  type  studied  by  Gallagher  play 
only  a minor  role  in  echo  decay. 


We  have  also  measured  the  pressure-decay  constant  y (argon) 
2 2 

for  the  3 ®l/2  ^^so^'ance  echo.  From  its  value  we  may 

predict  the  contribution  of  the  Ar-Na  collisions  to  the  line- 
width  Na  profile. 

We  find 


= 4^  ^0  = I>-72(0.06)ci»-^ 


where  T - 410  K is  the  Na  cell  temperature,  Tq  = 273  K,  Pq  = 

760  torr,  and  y is  the  relative  density  of  Ar.  This  value  of 
'*1/2' ^ is  in  excellent  agreement  with  the  absorption  measurements 
of  Margenau  and  Watson  (0.72  cm~^) and  Kleman  and 
Lindholm  (0.742  cm"^).^^^^ 

For  some  of  the  transitions  we  have  also  tabulated  the 
equivalent  foreign-gas-induced  FWHM  linewidth,  Av  = (4irY)~^ 
in  the  fifth  column  of  Table  X for  comparison  with  measurements 
of  the  decay  of  S-S  and  S-D  superpositions.  A discussion  of 
the  comparison  appears  in  (b)  below. 

Our  experiments,  which  make  use  of  modest-power,  tunable, 
pulsed  dye  lasers,  demonstrate  the  versatility  of  the  photon- 
echo  technique  as  applied  to  relaxation  studies  of  transitions 
between  states  even  when  both  are  thermally  unpopulated.  Large 
analyzable  signals  can  be  produced  on  a multitude  of  transitions 


TABLE  X 


Relaxation  Rate  Av  (MHz/torr) 


Foreign 

Gas 

Superposition 

ESPE 

[440-460“K  1(3) 

TLE 

[ 410®K  ] 

TPE 

[400®K] 

TPA 

[563®  K] 

TPCT 
[ 670®K] 

Ar 

57(5) 

60(10) 

57(10) 

61(6) 

60 

64(A) 

69(5) 

^\/2-''S/2 

192(95) 

160(20) 

He 

55(4) 

49(6) 

3 P2^/2-5 

98(6) 

87(4) 

See  Table  IX. 


Table  X;  Foreign-gas  Induced  relaxation  rates  Av  (MHz/torr)  of  various 

atomic  Na  superposition  states  as  measured  by  excited-state  photon 

echoes  (ESPE) , tri-level  echoes  (TLE) , two-photon  echoes  (TPE) , 

Doppler-free  two-photon  absorption  (TPA),^^^^  and  two-photon 

coherent  transients  (TPCT) . The  Na  temperature  at  which  each 

experiment  was  performed  is  indicated  in  brackets.  The  rates 

given  in  each  column  have  been  normalized  to  the  values  they 

would  have  at  410®K  under  the  assumption  that  the  collislonal 

(2) 

cross  section  is  Independent  of  temperature. 
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I 

\ 
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of  different  frequencies.  The  practicality  of  the  technique 
is  understood  from  Eq.  (4) , which  expresses  photon-echo  intensity 
in  a particularly  enlightening  way.  Pumping  schemes  other  than 
our  longitudinal  one  can  probably  be  used  to  better  advantage. 
Transverse  pumping  or  pumping  via  El-forbidden  transitions  are 
practical  schemes  for  achieving  a^L  = 0(1)  and  even  larger 
excited-state  echoes. 


b)  Tri-level  echoes. 

We  have  discovered  a new  type  of  echo  peculiar  to  multi- 
level (three  levels  or  more)  systems:  for  a sample  of  multilevel 
systems  inhomogeneous ly  broadened  by  the  Doppler  effect  a rephas- 
ing of  a coherent  superposition  between  a particular  pair  of  levels 
can  be  induced  even  if  the  constituent  systems  of  the  sample  spend 
most  of  the  time  between  their  first  excitation  and  the  echo 
dephasing  in  a superposition  between  a different  pair  of  levels. 

The  echo  signals  produced  are  large  since  they  arise  on  an  allowed 
transition.  Through  them  one  can  study  the  relaxation  of  a step- 
wise, resonantly  excited  superposition  which  would  ordinarily 
be  inaccessible.  We  term  this  effect  tri-level  echoes.  Similar 
effects  were  predicted  several  years  ago  by  Aihara  and  Inaba, 
who  described  them  as  anomalous  photon  echoes.  Related  effects 

were  observed  in  three-level  spin  systems  by  Hatanaka,  Terao, 

(14) 


and  Hashi. 


^1/2""  °3/2 


We  have  observed  tri-level  echoes  in  Na  on  the 

(n  = 4,  6,  7,  8 and  9)  three-level  systems. 


and  we  have  used  it  to  measure  the  Ar-Na  collisional  decay  con- 

2 2 2 2 

stant  of  the  Na  3 ^3/2  ^ ®l/2~'^  ^^3/2  superpositions. 
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Consider  a gaseous  sample  of  three-level  systems  whose 

atomic  states  |a),  jb),  and  jc)  have  respective  eigenenergies 

and  hfi  ordered  for  simplicity  as  fi  <fi,  <fi  . The  atoms 

are  initially  in  state  |a>.  The  transitions  a-b  and  b-c  are  El 

allowed.  The  sample  is  irradiated  at  times  tj^<t2<t2;  the  ith 

excitation  pulse  has  central  frequency  u)^  and  wave  vector 

We  specialize  to  o),  = and  u)_  = w-  = n , , where  . . = 

1 Del  2 3 OD 

- fi j I . Under  these  conditions,  complete  rephasing  on  the 
resonance  transition  producing  an  echo  at  + (1)2  - will 

occur  at  t = t^  when  and  if  all  atoms  at  x are  in  superposition 
states  of  identical  relative  phase  ({>  and  are  phase  matched 
according  to  <|)(x)  = )c^’x.  In  the  absence  of  velocity-changing 
collisions,  an  atom  having  velocity  v and  position  x at  time  t 
must  have  come  from  x^  = x - v(t  - t^)  at  t = t^.  The  atomic 
superposition  created  between  states  |a)  and  |c>  by  excitation 
pulses  1 and  2 has  the  phase  factor  exp  [i  (ic^^ -x^^  + jc2'X2)].  The 
third  pulse  transforms  this  |a)  - |c)  superposition  into  an 
I a)  - |b)  superposition,  introducing  an  additional  phase  factor 
exp(-i^^-x^) . For  this  atom  the  net  phase  of  the  |a>  - |b> 
superposition  is  thus 

(J)  = + ^2’^2  ~ ^3*^3  ~ “^0  " v*A(t),  (6) 

where 

<j)o  = * ^2  ~ ^3^ 
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and 

^t(t)  = (t  - + (t  - t^)^2  ■ ■ ^3)1^3. 

Under  the  assumption  that  the  entire  Doppler  distribution  is 

equally  excited,  the  dipole  moment  of  frequency  o)^,  produced  at 

X when  t>t2,  is  proportional  to  where  the  brackets  indicate 

an  average  over  the  velocity  distribution.  Assuming  perfect 

phase  matching,  i.e.,  + ic2  ~ the  radiated  intensity 

I at  is  proportional  to  exp(-^Q  Ia]  ),  where  Vq  = (2kT/m)  ' , 

k is  Boltzmann's  constant,  T is  the  temperature,  and  m is  the 

mass  of  the  atom.  The  intensity  peaks  when  the  various  atomic 

dipoles  rephase  so  as  to  minimize  |A(t)|.  Setting  t^^  = 0,  this 

occurs  at  the  "echo"  time  t^  given  by  t^  = (^-^2  ~ ^3^3^  *^4/1^4 1 

In  terms  of  t^ , A(t)  can  be  expressed  as  A(t)  = (t  - - 

^ component  of  normal  to  )c^. 

From  the  above  it  should  be  clear  that  complete  rephasing,  i.e., 

A{t^)  = 0,  can  only  occur  if  the  ic  vectors  are  coplanar.  A case 

^ ^ -¥  •¥ 

of  special  interest  is  kj^*k2  = -1  and  k2  = k^,  for  which  k^  = k^^ 
and  X(t)  = (t  - t^)ic^.  Under  the  assumption  that  dispersion  may 
be  neglected,  rephasing  will  in  this  case  occur  at  t^  = (t^  - 
t2)(ii2^'^l  long  as  t^>t2;  the  latter  condition  is.  insured  if 
‘^2^‘^1^3^ ^^3  ” ^2^  ■ Since  the  echo  is  in  this  case 

emitted  along  the  direction  of  propagation  of  pulse  1.  Non- 
coll inear  excitation,  however,  is  desirable  in  order  to  avoid 
saturation  of  the  detection  system  by  the  first  excitation  pulse. 
Unlike  photon  echoes,  tri-level  echoes  may  easily  be  phase 
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(15) 

matched  in  the  noncollinear  configuration.  Like  photon  echoes, 
however,  tri-level  echoes  do  not,  in  general,  rephase  perfectly 
when  the  beams  are  not  collinear.  For  tri-level  echoes  perfect 
rephasing  in  the  noncollinear  case,  which  requires  that  the 
quantity  t2ic2i  ~ ^3^3-*-  vanish,  only  occurs  for  certain  values 
of  t2  and  t^  when  k2j.llk2i.  For  small  departures  from  our  case 
of  special  interest  this  quantity  is,  however,  always  rather 
small.  We  may  evaluate  the  echo  intensity  I for  the  geometry  of 
Figure  36  (0<<1)  and  find 


I = IqSXP 


.2  2 2 

2c^ 


(^2  - OJj^) 

2u^ 


(7) 


where  Iq  is  the  intensity  when  0=0,  and  where  we  have  neglected 
the  effect  of  the  noncollinearity  on  the  size  of  the  beam-overlap 
volume.  For  the  relatively  unfavorable  case  of  0)2/01)^^  = 1.5,  with 
t2  = 0,  1(0  = 0.02  rad)  is  smaller  than  1(0  = 0)  by  only  a 
factor  of  10  at  t^  = 50  nsec.  Also,  for  the  experimental  situa- 
tions that  we  have  examined,  t^  differs  insignificantly  from  the 

value  it  has  when  the  excitation  is  collinear. 

2 2 2 

In  our  experiment  the  Na  3 Sj^y2'  ^ ^1/2'  ” ^3/2 

(n  = 4, 6, 7, 8, 9)  correspond  to  |a) , |b) , and  |c) , respectively. 

2 

The  5 Sj^^2  state  has  also  served  as  state  |c>  . These  states  are 
excited  by  7-nsec  (full  width  at  half-maximum)  FWHM  excitation 
pulses  produced  by  our  two  nitrogen-laser-pumped  dye  lasers. 

The  first  dye  laser,  of  frequency  resonant  with  Dj^-line 
transition,  has  a 750-MHz  spectral  width,  while  the  second. 
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of  frequency  (*>2  (=  u^)  has  a lO-GHz  spectral  width.  The  output 

of  the  second  dye  laser  is  split;  an  undelayed  part  is  used  as 

pulse  2,  and  the  other  part  is  optically  delayed  as  pulse  3. 

Laser  peak  power  is  '\<50  W for  3-iran  beam  diameters.  By  suitable 

optics  the  laser  pulses  are  made  to  cross  inside  a sodium  cell 

as  shown  in  Figure  37 . The  angle  6 of  Figure  37  was  usually 

chosen  to  lie  between  20  and  50  mrad.  The  sodium  vapor  cell  is 

the  same  65-cm-long  stainless-steel  tube  used  in  the  excited- 

state  photon-echo  experiment.  The  echo,  whose  frequency  is 

propagates  nearly  antiparallel  to  and  is  detected  on  a photo- 

2 2 2 

multiplier.  The  3 ^1/2”^  ^3/2  typically  contains 

6 7 

about  10  -10  photons.  The  echo  size  decreases  quite  slowly  as 
we  go  to  higher  D states. 

2 2 

When  (1)2  resonant  with  the  568.3-nm  3 *^3/2 

tion,  = 1.038.  Thus  when  = ^2  = 0 and  t^  = 195  nsec. 

At  = t.  - t-  should  be  about  7 nsec.  We  have  indeed  observed  this 
4 3 

delay  of  the  echo  from  the  time  of  the  third  pulse.  A longer 


nm 


delay  At  is  expected  when  ^2  is  resonant  with  the  449.4- 
2 2 

3 ^3/2  t^^^nsition.  Here,  with  t^^  = t2  = 0 and  t^  = 81  nsec. 

At  should  be  '^25  nsec.  The  observed  delay  of  23  nsec  agrees 
quite  well  with  this  value  when  one  considers  the  7-nsec  pulse 
widths  and  the  difficulty  of  making  tj^  and  t2  equal.  We  have 
also  observed  that  the  echo  intensity  changes  when  a magnetic 
field  is  applied  perpendicular  to  ic^;  this  suggests  the  presence 
of  quantum-beat  effects. 
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propagation  vectors  ®nd  the  resulting  echo  with  propaga 

tion  vector  k4  in  the  experimental  arrangement  used  to  observe 
the  3^Si/2  - 3^Pi/2  - l2>  tri-state  echoes,  where  |2>is  either 
the  ^^^3/2  state.  In  the  case  where  |2)  is  the 

4^03/2  state  0 ’ < 1 mrad  when  0 a:  50  mrad. 


In  the  present  experiments  the  superposition  which 
produces  the  echo  decays  according  to  p.  “x-  exp{-[r.  (t»  - t, ) + 

OS  Od  4 X 

r (t--  t-)  + r (t.  - t-)]}.  Here  F. . denotes  the  total 
ca  3 2 ba  4 3 ij 

homogeneous  decay  rate,  I/T2,  for  the  |i>  - |j>  superposition. 

We  rewrite,  F^^  as  F^^  = ^ij°  *^ijP'  where  p is  the  foreign- 
gas  pressure,  n^jP  is  the  decay  rate  due  to  Na-foreign-gas 
collisions,  and  is  the  decay  rate  of  the  ji)  - |j)  super- 

position in  the  absence  of  the  foreign  gas.  For  our  experiments 
t2  — = 0.  The  dependence  of  the  echo  intensity  I on  the 

foreign-gas  pressure  is  therefore  I(p)''<  where 

3 = 2{npa  + njj3(aj2  - ui^)/uj^}t3.  (8) 

With  Ar  as  the  foreign  gas,  we  have  measured  3 by  varying  p at 
fixed  values  of  t,.  The  decay  rate  ri  may  thus  be  determined 
from  a knowledge  of  3 and  and  the  Ar- induced  a-c  transition 

linewidth  Av(FWHM)  is  given  in  hertz/Torr  by  n /ir.  Using  our 

Ccl 

preliminary  experimental  values  of  3 and  the  value  of  tij^^ 

measured  by  the  photon-echo  technique,  ■ 4.2  + 0.3  nsec 

Torr,  we  obtain  the  following  Ar- induced  linewidths  at  a 

2 2 

temperature  T a:  410“K:  For  the  3 ^3/2  t^^^sition, 

2 2 

Av  = 60  + 10  MHz/Torr;  and  for  the  3 ^3/2  transition, 

Av  = 160  + 20  MHz/Torr.  In  the  former  case  no  change  in  Av  is 
observed  as  t^  is  varied  from  27  to  106  nsec. 

As  shown  in  Table  X,  our  observed  3S-4D  Ar-induced  line- 
width  agrees  with  that  measured  in  two  other  recent  experiments! 
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Even  more  interesting  is  the  fact  that  to  within  experimental 


uncertainty  our  values  of  Av  are  identical  with  the  ^ P 2./ 2~ 

2 2 2 

4 ^2^2  ^ ^1/2”"^  ^3/2  decay  measurements  made  by 

the  excited-state  photon-echo  technique.  Similarly,  the  He  and 

2 2 

Ar  collisionally  induced  decay  rates  of  the  3 5 ®l/2 

(17) 

state  are  respectively  identical  to  within  experimental 

2 2 

error  with  those  of  the  3 ®l/2  This  result  sug- 

gests that  the  P state  plays  a small  role  in  the  foreign-gas- 
induced  decay  of  these  P-D  and  P-S  superpositions. 

Other  examples  of  tri-level  echoes  are  the  following;  Let 

u),  = 0),  = n,  and  w-  = n , . If  ic-  = and  either  (i)  ic,  and 
1 3 ba  2 cb  3 1 1 

ic-  are  antiparallel,  and  Q <fi  <Q  , or  (ii)  it,  and  ic_  are  parallel, 

and  n <n  <(2,  , then  an  echo  of  wave  vector  Ic.,  is  formed  at 
a c b 2 

t^  = t2a)j^/u)2  + t2  if  tj^  = 0 and  t^  ^ t^.  Furthermore,  if 
(2  <f2  , 0),  = oj-  = , 0),  = (2  , , ic,  - , are  all  parallel  and 

tj^  = 0,  then  an  echo  of  frequency  occurs  at  t^  = t^  + 

have  already  observed  the  latter  echo.  Many  other 
variations  of  the  basic  tri-level  echo  scheme  should  be  possible. 
A variety  of  echoes  involving  more  than  three  levels  ("multi- 
level" echoes)  and/or  arising  from  a sequence  of  more  than  three 
excitation  pulses  are  possible  as  well. 


c)  Two-photon  echoes. 

Using  the  same  apparatus  described  above  in  (a)  and  (b) , 

we  have  produced  the  sxim- frequency  two-photon  analogue  of  the 

2 2 

photon  echo  on  the  3 ^3/2  atomic  Na.  This 

is  the  first  observation  of  this  effect,  called  a "two-photon" 
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Ik. 


echo,  in  which  all  the  electromagnetic-wave  frequencies  are  in 

the  optical  regime.  We  have  used  the  two-photon  echo  to  measure 

2 

the  argon-gas- induced  relaxation  behavior  of  the  Na  3 “ 

2 

4 ^2/2  state.  The  observed  relaxation  rate  agrees 

with  our  measurements  made  with  the  trx-level  echo  technique. 

Except  for  the  level  configuration  (Figure  38),  the  dynamics 

(18) 

of  a two-photon  echo  are  identical  to  that  of  a Raman  echo.  ' 

The  two-photon  echo  dynamics  can  most  easily  be  visualized  by 

approximating  each  atom  by  a three-level  system  with  energy  levels 

hn  ^ such  that  the  |a)  - |b)  and  |b)  - jc) 

transitions  are  electric-dipole  allowed,  while  the  | a)  - jc) 

transition  is  not.  We  restrict  our  discussion  to  a dilute  gas. 

The  atoms  are  excited  by  a sequence  of  two  "pulses",  each  of 

length  Xp  and  each  containing  two  optical  fields  denoted  by 

[']  and  ["]  . Let  tj^=0  (t2=T)  be  the  time  at  which  the  first 

(second)  pulse  is  centered,  and  let  t^  be  the  two-photon  echo 

time.  The  travel  ling- wave  fields  are  given  by  E^'exp[i(ic^' -x  - 

oj^t)  ] + c.c.  and  E^"exp [i (jc^" •x-oj^t)  ] + c.c.,  where  the  subscript 

i refers  to  the  fields  present  at  t = t^.  We  require  that 

u).'  + u)."  = n =n  -J)  , assume  that  Iw.'  - n.  l<<la)."  - fi.  |, 

and  define  Aco  = u.  - k.  = Jc.  ' + ic.".  Let  x.  denote  the 

1 ba  1 1 1 

position  of  a particular  atom  of  velocity  v at  the  time  t^.  The 
|a)  - jc)  superpositions  dephase  between  the  two  pulses,  but 

rephase  at  a later  time  t^  to  the  extent  to  which  the  relative 
phase  "t  of  the  atoms  at  each  point  x^,  given  by 

$ = 2K2*(x2-X2)  - K^’ (9) 
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(o)  SUM  FREQUENCY  (b)  DIFFERENCE 

FREQUENCY 


Figure  38: 

Level  configuration  for  a two-photon  (sum- frequency)  echo 
(a)  and  a Raman  (difference-frequency)  echo  (b) . In  each  the 
two  incident  waves  of  a particular  excitation  pulse  "i"  have 
frequencies  a)|,  wV,  respectively.  For  the  sum-frequency 
(difference-frequency)  case  w!  + wV  = (w!  - uV  = f2__)  , 

where  hil  is  the  energy  splitting  between  states  c and  a. 

Ccl 
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is  independent  o£  v;  this  is  a simple  generalization  of  the 

condition  for  photon-echo  rephasing  in  a gas. Complete 

rephasing,  i.e.  4>  being  independent  of  v at  some  time  t^>t2i  only 

requires  that  Kj^||K2;  t^  is  then  given  by  t2=  2tK2/ {2K2~K^)  . 

The  rephasing  (i.e.,  two-photon  echo)  is  observed  by  probing  the 

medium  at  t^  with  a probe  pulse  of  the  form  E2"exp  [i  (k^" ’x-oj^t)  ] 

+C.C.  The  medium  responds  instantaneously  by  emitting  the 

two-photon  echo  "signal,"  a coherent  pulse  of  frequency 

u)-'  = - (D-  and  wave  vector  ic- ' = 2K_-K, -1c_".  The  echo  signal 

3ca  3 3213 

is  phase  matched  if  k^'  = u^'/c.  Two  differences  from  an  ordi- 
nary  photon  echo  ' are  evident.  First,  complete  rephasing  only 
requires  that  the  individual  waves  need  not  propagate 

collinearly.  Second,  the  two-photon  echo  occurs  at  2t  only 
if  in  general,  it  may  be  made  to  occur  at  any  time  between 

T and  “ by  suitable  choice  of  and  K2.  We  emphasize  that  this 
result  applies  only  to  a medium  in  which  the  inhomogeneous 
frequency  shift  is  correlated  with  the  directions  of  propagation 
of  the  electromagnetic  waves,  e.g.  a Doppler-broadened  gas.  In 
a solid,  for  which  this  correlation  is  absent,  the  echo  always 
occurs  at  2t. 

We  now  specialize  to  the  case  = “2 ' ~ “3"'  ^1  “ ^2’ 

We  assume  first  that  the  spectral  widths  of  the  optical  waves 
are  so  wide  that  the  entire  Doppler  profile  is  equally  excited 
by  each  pulse,  and  second,  that  these  waves  are  Fourier- 
transform  limited.  (The  second  assumption  will  be  dropped  below.) 
We  consider  two  cases;  (a)  If  Ao)  is  so  large  that  for  each  atom 
state  |b>  is  excited  nonresonantly  during  each  excitation  pulse. 
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then  the  dipole  moment  of  frequency  w'  Induced  in  any  atom  located 
at  X at  the  echo  time  is  given  in  the  "small-angle"  limit  of  weak 
excitation  by 


P(w 


= +A(i))  — 

ba 


^cb^ba^l 


(E, 


(10) 


where  p^g  is  the  dipole  matrix  element  between  states  a and 
g (18)  echo  signal  intensity  is  proportional  to  |p(<i)')|^. 

(b)  If  Au)=  0,  then  state  |b>  is  excited  resonantly.  The  same 
two-photon  echo,  whose  signature  is  the  signal  direction  of 
propagation  1^3 '»  still  occurs.  From  the  work  of  Aihara  and 

Inaba^^^^  it  follows  that  in  the  limit  of  weak  excitation  the 


induced  dipole  moment  p(a)  = fi__)  has  the  same  form  as  Eq.  (10)  , 

C cl  — 

(4) 

but  is  a factor  of  (XpAoi)  larger.  It  may  also  be  shown  that 
the  ratio  p(u)’  = fij^g)/p(iij'  = fij^^+Ao))  is  not  modified  if  the  optical 
excitation  waves  are  not  Fourier-transform  limited,  provided  that 
the  spectral  width  of  at  least  one  of  the  waves  making  up  a 
pulse  is  comparable  to  the  corresponding  single-photon  inhomogeneous 
linewidth. 

Since  our  steering  optics  deliver  no  more  than  a few  watts 

peak  power  of  each  laser  beam  into  the  sample  volume,  we  optimize 

2 2 

the  size  of  the  3 ^3/2  superposition  by  exciting 

2 

resonantly  via  the  3 P]^^2  state.  Each  of  the  two  dye 

lasers  oscillates  at  one  of  the  frequencies  w (wavelength  X'  = 

••  II 

589nin)  and  w (wavelength  A = 568nm)  corresponding  respectively 
to  the  S-P  and  P-D  transitions.  The  lasers,  which  produce  pulses 
of  length  ^ nsec,  are  simultaneously  pumped  transversely 
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by  the  same  120-kW-peak-power  N2  laser.  The  spectral  width  (FWHM) 

of  the  pulse  of  frequency  w'  (o)")  is  0.8  Ghz  (10  Ghz)  . The  dye- 

laser  pulses  are  divided,  steered  to  a white-cell  delay  line, 

2 

recombined,  and  recollimated  to  a 4 mm  area  such  that:  (1)  at 

I ,1 

t = 0 the  pulses  at  to  and  (o  overlap  in  the  interaction  region 
with  their  wave  vectors  icj^'  and  icj^"  making  an  angle  (j)  with  res- 
pect to  each  other;  (2)  at  t = t the  pulse  configuration  in  the 
sample  volume  is  the  seune  as  it  was  at  t = 0;  (3)  at  t = 2t 
the  "probe"  pulse  at  to"  is  directed  in  to  the  sample  cell  along 
the  direction  k2"=k'  where  k =kj^'=k2'.  The  angle  4)  can  be  adjusted 
from  0 to  20  mrad,  while  t can  be  adjusted  from  21  to  40  nsec. 

Since  Kj^=K2,  the  rephasing  condition  is  satisfied  at  t = 2t. 

The  phase-matching  condition  (k2'=27r/A')  demands  that  make 
the  same  angle  with  as  it  does  with  ic"  where  ic"  = )Cj^"=)c2" . 

(See  Fig.  39)  With  k^"  coplanar  with  ic'  and  k",  |ic'-k"|  <<  k', 
and  <p  <<1,  it  follows  that  k^"  should  make  an  angle  | 

0 = 24)  (k'-k"  [/k*  with  it*.  Since  in  our  case  0 is  smaller  than 
the  laser  divergence  of  1 mrad,  the  two-photon  echo  signal  should 

A 

be  phase-*matched  with  k^'— k'.  Since  the  two-photon  echo  at  o)' 

A A 

propagates  along  k^'^k",  for  41  sufficiently  large  the  echo  is  not 

masked  by  excitation  pulses  at  oj'.  Furthermore,  no  single-photon  j 

I 

coherent  emission  at  w'  propagates  in  the  direction  of  the  two-  j 

H i 

^ photon  echo  signal.  To  eliminate  stray  light,  the  photomultiplier  1 

r I 

{'(  ^ I 

I set  up  to  detect  the  echo  signal  along  k"  is  protected  by  an  j 

interference  filter  and  two  Pockels-cell  shutters  which  are 
electronically  gated  to  transmit  at  t = 2t. 

The  experiment  is  begun  with  ic'  and  ic"  parallel  so  that 
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ordinary  and  excited-state  photon  echoes  may  be  observed.  No 
probe  pulse  is  applied.  The  Pockels-cell  shutter  provides 
sufficient  protection  for  the  photomultiplier  to  allow  in-line 
detection  of  both  echoes  at  the  gate  time  t = 2t . The  next  step 
is  to  insert  the  interference  filter  before  the  photomultiplier, 
so  that  the  photomultiplier  sees  only  light  of  frequency  w ' . 

Then  as  k'  is  tilted  away  from  k",  the  signal  intensity  observed 

1 

at  u)'  continually  diminishes,  becoming  undetectable  at  (J>  = 10  mrad, 

A 

for  which  the  direction  k'  is  outside  the  acceptance  angle 
(centered  at  k")  of  the  phototube.  At  this  point  the  probe  pulse 

A A 

at  oj"  along  k^"  = k'  is  unblocked,  and  the  two-photon  echo  signal 

A A 

at  (i) ' along  k^'  = k”  is  observed.  The  two-photon  echo  signal 
disappears  if  any  of  the  excitation-pulse  waves  is  blocked  or  if 
the  probe  is  delayed  by  an  additional  7 nsec. 

We  now  consider  the  effect  of  detuning  the  lasers  by  Ato  from 
resonance  with  the  intermediate  P state.  Measurements  of  the 
dependence  of  the  echo  intensity  on  the  intensities  of  the 
excitation  pulses  indicate  that  our  excitation  of  the  S-D  super- 
position is  weak;  thus  the  echo  intensity  should  decrease  by 

p 

a factor  of  (TpAuj)  as  a result  of  detuning  by  Aco.  The  minimum 

feasible  value  of  Au)  for  which  a negligible  number  of  atoms  is 

resonantly  excited  into  the  P state  is  Aw=  2 x 10^^  sec  which 

is  about  twice  the  Doppler  width  of  the  S-P  transition.  For  this 

8 17 

value  of  Ao)  and  with  t -7  nsec,  we  find  (t  Aoj)  = 10  . Since 

P P 

5 

our  largest  echo  contains 2 x 10  photons  when  Aw=  0,  it  is  not 
surprising  that  we  are  able  to  observe  the  two-photon  echo  only 
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when  0)'  is  tuned  to  lie  within  the  Doppler  profile  of  the  S-P 

transition.  With  respect  to  the  observed  echo  size,  we  make  two 

additional  remarks;  First,  this  size  compares  well  with  the 

6 7 

tri-level  echo  photon  number  of  10  - 10  photons  when  we  note 

that  the  optics  used  in  the  two-photon  echo  experiment  could  only 
deliver  "weak"  excitation  pulses.  Second,  the  two-photon  echo 
intensity  is  about  a factor  of  30  smaller  than  the  signal  observed 
at  t=T  when  the  probe  pulse  is  also  made  to  occur  at  t=T ; the 
latter  signal  may  be  viewed  as  arising  from  ordinary  four-wave 
mixing. 

Although  the  intermediate  P state  was  always  resonantly 
excited  in  our  experiment,  its  decay  is  not  expected  to  contri- 
bute to  decay  of  the  two-photon  echo.  To  check  this,  we  measured 

the  ratio  I (t)/I  (t+13  nsec)  for  t=21  and  27  nsec;  here  I (t) 
e e e 

represents  the  echo  intensity  at  the  pulse  separation  t in  the 
absence  of  foreign  gas  mTorr)  . In  both  cases  the  ratio 

was  found  to  be  3.  This  is  significantly  smaller  than  the  factor 
of  five  expected  on  the  basis  of  the  relaxation  of  the  16-nsec- 
lifetime^^^^  ^^^1/2  alone  if  its  relaxation  contributed  to 

the  decay  of  our  signal.  We  believe  that  the  observed  decrease 
in  echo  intensity  is  due  instead  to  the  decay  of  the  50-nsec- 
lifetime^^®^  ^^^3/2  additional  10%  reflection 

loss  in  power  of  the  delayed  laser  pulses. 

The  value  of  the  two-photon  echo  as  a technique  is  its 
ability  to  directly  measure  the  relaxation  of  a superposition 
state  which  cannot  relax  by  an  allowed  single-photon  decay.  In 
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the  present  experiment  this  is  accomplished  by  introducing  Ar  gas 
into  the  Na  cell  and  monitoring  the  echo  signal  intensity  (at 
fixed  t)  as  a function  of  the  Ar  pressure  p.  We  find  that  the 
echo  signal  intensity  decreases  as  exp(-4npT),  with  (4ti)  ^ = 

1.4  + .5  nsec-torr.  This  compares  well  with  (4n)~^  = 1.3  + .2 
nsec-torr  obtained  indirectly  for  this  S-D  state  from  the  tri- 
level measurements  and  agrees  with  the  results  of  other  Doppler- 
free  two-photon-excitation  techniques (Table  X). 

The  intensity  of  the  two-photon  echo  has  also  been  observed 
qualitatively  in  the  presence  of  a DC  magnetic  field  H of  up  to 
80  G at  a pulse  delay  time  of  t = 27  nsec.  With  H applied 
perpendicular  to  the  propagation  direction  of  the  echo,  the 
echo  intensity  is  modulated  as  a function  of  H in  an  oscillatory 
fashion,  with  the  first  null  occurring  in  the  region  of  10-20  G. 
The  modulation  is  a type  of  quantum-beat  effect  which  occurs 
because  each  atom  is  driven  into  a linear  superposition  of  several 
ground  and  excited  states. 

We  emphasize  that  the  two-photon  echo  experiment  was  per- 
formed with  excitation  pulses  of  very  modest  power.  Improved 


optics  together  with  readily  available,  more  powerful  lasers  could 
easily  result  in  signals  several  orders  of  magnitude  greater  than 


reported  here.  The  extension  to  other  transitions,  such  as  the 
2 2 

series  3 ^3/2'  n>4,  is  also  straightforward. 

Although  transient  experiments  utilizing  two-photon  excitation. 


e.g.  two-photon  echoes  and  two-photon  free  decay,  generally 
require  excitation  pulses  of  high  peak  power,  our  experiment 
demonstrates  that  in  the  case  of  the  two-photon  echo  the  excitation 


i 

5 


i 
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frequencies  can  be  tuned  to  utilize  resonant  enhancement  of  the 
two~photon  transition,  thus  permitting  the  use  of  relatively 
low'power  excitation  pulses  without  destroying  the  Doppler-free 
nature  of  the  effect. 
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B.-  ALKALI -NOBLE-GAS  DIATOMIC  EXCIMERS* 

(W.  Happer,  A.  C.  Tam,  S.  M.  Curry#  T.  Yabuzaki) 

Emission  bands  from  the  lower  excimer  states  of  alkali- 
noble-gas  molecules  (correlated  with  the  lowest  excited  P 
alkali  atom  and  unexcited  noble  gas  atom)  have  been  studied 
extensively  by  Gallagher  and  coworkers in  the  past  sev- 
eral years.  Recently,  emission  bands  from  higher  excimer 

states  (correlated  with  the  lowest  excited  S alkali  atom  and 

(2 ) 

unexcited  noble  gas  atom)  were  observed,  and  numerous 
further  investigations  of  these  higher  excimer  bands  have 
followed.  These  visible  excimer  bands,  correlated  with  the 
lowest  forbidden  atomic  S-S  transitions,  are  frequently 
very  strong  compared  to  the  other  excimer  bands  (except 
those  bands in  or  near  the  IR  correlated  with  the  lowest 
P-S  resonance  doublet) ; in  fact,  the  visible  excimer  band 
frequently  dominates  the  entire  visible  spectrum  for  selec- 
tive laser  excitation  in  the  case  of  Xe  (Ref.  2 and  present 
report  for  KXe) , and  it  is  also  a very  prominent  feature  for 
other  noble  gases  or  for  other  experimental  configurations 
we  studied  (e.g.  discharges  or  absorption  measurements). 
However,  a quantitative  understanding  of  the  lineshapes  of 
these  higher  excimer  bands  was  lacking.  Now  a more  quantita- 
tive understanding  is  possible  because  recently,  Pascale^^^ 
calculated  the  oscillator  strengths  of  the  higher  excimer 
bands  correlated  with  forbidden  alkali  S-S  or  S-D  transitions, 
and  he  reported  oscillator  strengths  as  large  as  10  ^ at 
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certain  interatomic  separations.  Using  the  calculated  oscil- 
lator strengths and  molecular  potential  curves, Sayer 
et  al. have  recently  calculated  some  of  the  higher  excimer 
bands  in  alkali-noble-gas  molecules,  and  they  have  made  com- 
parisons of  the  calculated  bands  with  available  experimental 
data.  For  the  case  of  K-noble-gas  and  Na-noble-gas  bands, 
only  a very  rough  comparison  was  made,  because  our  previously 
published  experimental  data^®^  were  not  detailed  enough. 

We  report  here  our  recent  progress  in  the  studies  of 
the  K-noble-gas  and  Na-noble-gas  excimer  bands.  We  have 
observed  experimentally  the  visible  emission  bands  from 
K(5S)Xe,  K(5S)Kr,  Na(4S)Xe  and  Na(4S)Kr  excimers,  the  potas- 
sium excimers  being  produced  by  a violet  Kr^  laser  excita- 
tion and  the  sodium  excimers  by  a discharge.  We  have  also 
calculated  these  emission  profiles,  using  Gallagher's  quasi- 
static theory and  Pascale's  molecular  potentials and 

(3) 

oscillator  strengths.  We  have  made  comparison  of  the 

observed  profiles  with  the  calculated  profiles,  and  this  com- 
parison is  more  quantitative  than  that  of  Sayer,  et  al. 

Such  comparisons  provide  a critical  test  of  the  calculated 
molecular  potential  curves and  oscillator  strengths, 
and  we  shall  draw  some  qualitative  conclusions  about  the 
accuracies  of  these  calculated  parameters.  A knowledge  of 
the  limitations  of  these  calculated  parameters  is  important 
if  one  uses  these  calculated  values  for  guidance  to  develop 
alkali-noble-gas  excimer  lasers. 


i ■ 
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The  emission  profile  of  the  KG (G  = a noble  gas  atom) 
green  band  near  5200  k due  to  the  K(5S)G  -►  K{4S)G  molecular 
transition  has  been  reported  previously. This  green  band 
. was  excited  by  the  4579  k Ar^  laser  line,  and  the  emission 

profile was  somewhat  distorted  by  strong  alkali  dimer 
emission  bands  and  by  atomic  emission  lines.  We  find  that  a 
much  stronger  emission  profile  of  the  KG  green  band  can  be 
obtained  by  exciting  with  the  4067  k Kr"*"  line,  which  popu- 
lates the  K(5P)  excited  state  through  absorption  in  the 
noble-gas-induced  red  wing  of  the  4045/4047  k resonance  doub- 
let. A typical  observed  spectrum  is  shown  in  Fig.  40.  Note 
I that  the  entire  visible  spectrum  is  dominated  by  the  single 

i green  band  peaked  near  5215  A . 

j The  origin  of  the  KG  green  band,  as  discussed  previous- 

I / g \ 

ly, ' ^ can  be  understood  by  examining  the  molecular  potential 

I 

(4) 

I . curves  calculated  by  Pascale  and  Vandeplanque,  and  the  re- 

t 

! levant  KXe  curves  are  shown  in  Fig.  41.  Rapid  collisions  in 

! 

I ' our  high  density  systems  favor  population  of  the  K(5S)Xe  po- 

i tential  curve  near  the  bottom  of  the  well,  and  this  population 

i can  radiate  either  to  the  K(4P)Xe  states  (radiation  bands  in 

1 the  IR)  or  to  the  K(4S)Xe  dissociative  ground  state  (green 

! excimer  band).  While  the  K(5S)Xe  K(4S)Xe  transition  is 

! highly  forbidden  for  large  interatomic  separation  R,  it  is 

i 

strongly  allowed  near  the  bottom  of  the  potential  well.  (A 
very  similar  emission  band  is  the  Xe-induced  green  band  in 


Figure  40:  The  visible  emission  spectrum  from  a KXe  cell  (Xe  density 
= 2.4  amagats;  cell  temperature^ = 253°C)  excited  by ^ the 
violet  Kr^  laser  lines  at  4067  k (140  mW)  and  4131  A (240  mW) 


Figure  41:  Relevant  theoretical  molecular  potential  curves 

(from  Ref.  4)  showing  the  origin  of  the  green  ex- 
cimer  band  in  KXe.  The  Boltzman  population  of  the 
K(5S)Xe  potential  well  within  a depth  of  kT  - 
350  cm*^  is  indicated.  The  limits  of  R for  ap- 
proximately half-intensities  of  the  green  band 
are  also  shown.  For  larger  R,  emission  intensity 
rapidly  decreases  because  of  vanishing  oscillator 
strength;  and  for  smaller  R,  emission  intensity 
also  rapidly  decreases  because  of  vanishing 
Boltzman  population  in  the  K(5S)Xe  state. 
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(7 ) 

because  it  is  a proven  lasing  transition.)  The  relevant 
calculated  oscillator  strengths f are  shown  in  Fig.  42. 

For  KG,  we  see  that  f decreases  rapidly  with  increasing  R, 
and  at  R > 10  atomic  units,  f becomes  < 1%  of  the  oscillator 
strength  at  the  bottom  of  the  potential  well  (at  R » 6 atomic 
units).  Hence  the  excimer  band  we  observed  (K(5S)G  -*■  K(4S)G 
for  the  case  of  potassium)  is  bound  on  the  red  side  (small 
R)  by  the  Boltzman  factor  in  the  upper  state  population,  and 
on  the  blue  side  (large  R)  by  vanishing  f. 

The  emission  intensity  l(v)  at  frequency  v due  to  the 
K(5S)G  -►  K(4S)G  or  the  Na(4S)G  ■*  Na(3S)G  molecular  transition 
can  be  calculated  by  the  quasistatic  theory  of  Gallagher  and  | 

coworkers, as  done  by  Sayer  et  al.^^^:  | 

I 

I(v)dv  = a Ng  f(R)R^  dR  exp  [(V*  (») -V*  (R) ) /kT]  (1)  | 

« 

i 

where  a is  a constant,  N and  N are  the  alkali  (excited)  j 

i 

and  Xe  atomic  densities  respectively,  and  V* (R)  is  the  ex- 
cited molecular  potential  energy  at  separation  R.  Details 

/ q \ 

of  this  calculation  are  published.  ' Here  we  shall  only 
list  the  conclusions  drawn  from  the  comparison  of  the  cal- 
culated KG  and  NaG  profiles  and  the  observed  profiles.  In 
all  the  cases  we  studied,  the  upper  state  potential  well  is 
found  to  be  too  shallow,  and  they  should  be  deeper  by  about 
200  cm“^,  230  cm”^,  735  cm'^  and  445  cm“^  for  the  K(5S)Xe,  | 

K(5S)Kr,  Na(4S)Xe  and  Na(4S)KR  molecular  excited  states  re-  i 
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spectively  in  order  to  produce  the  observed  peak  positions 

< of  the  emission  profiles.  The  predicted  linewidth  is  too 

broad  by  about  35%  for  the  green  KG  excimer  bands;  this  may 

be  due  to  the  calculated  K(5S)G  potential  curves  being  too 

broad.  The  calculated  Na(4S)G  emission  linewidths  are  in 

excellent  agreement  with  the  observed  blue  band  linewidths 

if  the  oscillator  strengths  in  the  NaG  system  are  taken  to 

12) 

be  the  calculated  oscillator  strengths  in  the  KG  system. 
Pascale's  calculated  abrupt  change  of  NaG  oscillator  strengths, 
as  indicated  in  Fig. 42,  is  not  favored  by  the  experimentally 
observed  emission  profiles. 

The  excimer  band  of  Na(4S)Xe  is  probably  the  most  in- 
teresting, because  the  strong  binding  in  the  upper  state 
(estimated  as  1900  cm”^  at  the  equilibrium  separation  R^) 
and  the  strong  repulsion  of  the  lower  state  (1150  cm  ^ at 
R^)  and  the  large  value  for  the  oscillator  strength  (~10  ) 

at  Rq  greatly  favor  the  Na(4S)Xe  Na(3S)Xe  transition  for 

possible  excimer  laser  applications  similar  to  the  0(^S)Xe  ■* 

1 (7) 

0(  D)Xe  case.  ' ' 

By  approximating  the  theoretical  emission  profile  in  an 
analytical  form, ' ' we  have  predicted  that  the  linewidth  in 
the  KG  and  NaG  excimer  bands  should  increase  with  tempera- 
ture roughly  as  This  prediction  is  borne  out  in  our 

experimental  observations  for  KXe  in  a limited  temperature 
range.  A line  shift  6V^  proportional  to  T is  also  predicted 
but  not  clearly  observed. 

We  have  been  concerned  only  with  the  main  emission  band 
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in  the  KG  or  NaG  system,  at  R ~ 6 atomic  units.  A much 
weaker  satellite  band  has  been  predicted very  near  the 
forbidden  atomic  S-S  transition,  due  to  the  upper  and  lower 
adiabatic  potential  curves  being  parallel  at  R ~ 11  atomic 
units.  Perhaps  one  of  the  small  peaks  near  4700  1 in  Fig. 

40  is  actually  this  predicted  weak  satellite  band. 

In  the  present  report,  we  have  studied  only  relatively 
low  noble  gas  densities,  where  mainly  binary  molecules  are 
important.  We  find  that  at  high  Xe  densities  (e.g.  10 
amagats)  and  low  cell  temperatures  (<  150°C) , polyatomic 
exciplex  molecules  K(5S)Xe^  (with  n being  2,3,  or  4 mainly) 
become  very  important  radiating  species  in  the  KXe  system 
excited  by  the  4067  A Kr^  laser  line.  Such  exciplex  radia- 
tion occurs  in  the  spectral  region  of  5400  A - 6400  A , and 
the  study  of  these  exciplexes  is  reported  in  another  sec- 
tion of  this  progress  report. 

* This  work  also  supported  by  the  Army  Research  Office  (Durham) 
under  Grant  DAAG29-77-G-0015 . 
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C.  VISIBLE  EMISSION  BANDS  FROM  KXe  POLYATOMIC  EXCIPLEXES* 

n 

(W.  Happer,  A.  C.  Tam,  S.  M.  Curry,  t.  Yabuzaki) 

Radiative  processes  in  dense  gases  have  received  con- 
siderable attention  in  the  past  few  years.  One  of  the  moti- 
vations for  the  study  of  such  systems  has  been  the  great 
success  of  excimer  (excited  dimers)  lasers  in  producing  effi- 
cient, high  power  visible  and  ultraviolet  radiation.  At 
sufficiently  high  gas  pressures,  excited  atoms  often  react 
to  form  bound  electronically  excited  states  of  rather  im- 
probable molecules  (noble  gas  fluorides and  alkali-noble- 
(2) 

gas  combinations  ) which  are  dissociative  in  the  ground 
electronic  states.  These  "exciplex"  (excited  complex) 
molecules  are  often  good  laser  species  since  the  ground  states 
self-destruct  by  dissociation  and  do  not  accumulate  in  suffi- 
cient numbers  to  reabsorb  the  laser  light. 

The  visible  excimer  bands  from  alkali-noble-gas  mole- 
cules were  discovered in  this  laboratory  three  years  ago, 

and  more  studies  of  these  bands  in  selective  laser  excitations 
(4)  (5) 

discharges,  and  absorptions  have  followed.  In  our  re- 
cent investigation  of  the  emission  spectra  from  K-noble-gas 
systems  using  selective  laser  excitation,  we  have  discovered 
an  unusual  class  of  polyatomic  exciplexes,  KXej^(5S)  molecules, 
which  can  be  thought  of  as  cluster  ions  KXe^^^  with  n = 1,2,3,. 
and  a rather  extended  valence  electron  in  an  orbit  which  re- 
sembles the  first  excited  S state  (5S)  of  the  potassium  atom. 
By  exciting  a vapor  system  of  K mixed  with  ~ 10  amagats  of 
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Xe,  we  have  observed  strong  emission  bands  from  KXe(5S), 
KXe2(5S),  KXe2(5S)  and  KXe^  (5S)  molecules,  centered  near 
5220  1,  5500  k,  5900  A and  6400  k respectively.  At  low  Xe 
density  (<  5 amagats)  and  high  temperature  (>  200°C) , the 
emission  is  dominated  by  the  KXe(5S)  "monoxenide"  radiation; 
while  at  high  Xe  density  (>  5 amagats)  and  low  temperatures 
(<  150°C) , it  is  dominated  by  overlapping  KXe^(5S)  "poly- 
xenide"  radiation. 

We  produce  these  exciplex  molecules  by  exciting  a glass 
cell  containing  saturated  potassium  vapor  in  high  density 
xenon  gas  with  the  4067  k line  of  a krypton-ion  laser.  This 
laser  line,  which  has  a power  of  140  mW,  excites  the  pressure- 
broadened  red  wing  of  the  4044/4047  A second  resonance  line 
of  potassium.  The  fluorescence  from  the  cell  is  observed 
with  a monochromator.  The  entire  visible  region  of  the  spec- 
trum is  dominated  by  an  intense  green  emission  band.  The 
most  striking  features  of  this  band  are  illustrated  in  Fig-  43. 
The  band  consists  of  two  parts,  a well-defined,  narrow  peak 

, (4 ) 

centered  near  5220  A , which  is  known  to  be  an  emission  band 
of  potassium  monoxenide  KXe(5S)  -►KXe(4S),  and  a broad  assy- 
metric  emission  band  between  5300  k and  7000  A which  we  attri- 
bute to  the  superposed  emission  bands  of  polyatomic  exciplexes: 
KXe^(5S)  -*•  KXe^(4S)  with  n=  2,3,4,...  . We  shall  henceforth 
refer  to  these  bands  as  the  monoxenide  and  polyxenide  bands 
respectively. 

This  system  is  particularly  convenient  for  quantitative 
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Figure  43:  Fluorescence  spectra  of  potassium  monoxenide  and 
polyxenide  at  various  cell  temperatures  and  xenon 
densities  (given  in  amagats) . At  low  xenon  den- 
sity (lower  curves) , the  monoxenide  component  is 
dominant.  The  small  peaks  observed  near  4600  A 
and  5750  A for  [ Xe  ] = 0.9  amagat  are  due  to  alkali 
dimer  fluorescence,  since  they  are  also  observed 
in  the  absence  of  xenon.  At  high  xenon  density, 
the  relative  intensity  of  the  red-shifted  poly- 
xenide component  becomes  progressively  greater 
as  the  temperature  is  reduced. 


Figure  43 


study  since  the  narrow  monoxenide  emission  peak  remains  well 
defined  over  a broad  range  of  temperature  and  xenon  densities 
and  it  can  be  used  as  a reference  of  intensity  for  the  poly- 
xenide  band. 

From  data  such  as  that  shown  in  Fig.  43 , several  im- 
portant properties  of  the  polyxenide  band  can  be  recognized; 

1.  The  polyxenide  band  narrows  substantially  at  higher 
temperatures.  The  monoxenide  band,  in  contrast,  broadens 
slightly  with  increasing  temperature. 

2.  The  polyxenide  band  broadens  substantially  with 
increasing  xenon  density.  The  monoxenide  band  width  is  com- 
paratively much  less  affected  by  xenon  density. 

3.  The  peak  of  the  polyxenide  band  shifts  substantially 
toward  longer  wavelengths  for  decreasing  temperature. 

The  dependence  of  the  polyxenide  band  on  temperature 
and  xenon  density  can  be  seen  with  particular  clarity  by 
using  the  monoxenide  band  as  a reference  of  intensity.  We 
define  the  relative  intensity  S(X,[Xe],T)  of  the  polyxenide 
band  to  the  monoxenide  band  by 


S (X, [Xe] ,T) 


I(X,[Xe],T)  - aI(X,[Xe]n,T) 
al (Xq,[ XeJofT) 


(1) 


where  Xq  is  the  wavelength  of  the  peak  of  the  monoxenide  band, 
and  the  constant  a is  defined  by 


I(X,[  Xe],T) 

I (X,L  Xe  Jo,T) 


a for  X < 5220  a 


(2) 
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Here  I(X,[Xe]Q,T)  is  defined  as  the  fluorescence  spectrum  at 
low  xenon  densities,  when  only  the  monoxenide  spectrum  is 
present.  We  have  found  that  the  polyxenide  spectrum  is  neg- 
ligible at  [Xe]  0.9  amagat,  and  so  we  can  take  I(X,[Xe]Q,T) 
as  the  fluorescence  spectrum  at  [Xe]  = 0.9  amagat. 

The  relative  intensity  S at  a xenon  density  of  8.4 
amagats  is  shown  in  Fig.  44a.  By  doing  temperature  depen- 
dence measurements  (as  indicated  in  Fig.  44b)  and  Xe  density 
(i.e.  [Xe])  dependence  measurements  of  the  polyxenide  signal 
S at  various  wavelengths  A,  we  found that  S can  be  fitted 
over  a rather  large  range  of  temperature  and  xenon  density 
by  a rather  suggestive  formula: 

S(A,[Xe],T)  = G{X)  [Xe]"^^^‘^  exp  (3) 

where  parameters  E(X),  n(X)  and  G(X)  are  plotted  in  Fig.  45. 

Because  nothing  is  yet  known  about  the  potential  sur- 
faces for  polyxenide  molecules  we  cannot  give  a detailed 
theoretical  analysis  of  the  experimental  data.  However,  we 
can  assign  a plausible  physical  meaning  to  the  empirically 
determined  parameters  of  Eq.  (3) . We  may  assume  that  each 
polyxenide  species  KXe^  has  a characteristic  emission  band, 
similar  to  but  broader  than  the  monoxenide  band,  for  integer 
values  of  n (n  = 2,3,4,...).  The  peaks  of  the  emission  bands 
of  KXe^^  shift  systematically  to  longer  wavelengths  for  in- 
creasing values  of  n.  A large  part  of  the  red  shift  is  due 
to  the  binding  energy  of  Xe  atoms  to  K(5S).  The  polyxenide 
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Figure  44:  (a)  Spectra  of  the  polyxenide  component  at  a 

xenon  density  of  8.4  amagats,  measured  at  various 
temperatures.  The  polyxenide  spectra  are  obtained 
by  subtracting  the  monoxenide  component  from  the 
original  data  and  then  normalizing  to  the  eunpli- 
tude  of  the  monoxenide  peak.  (b)  The  logarithm 
of  the  polyxenide  component  is  shown  plotted 
against  the  reciprocal  of  the  absolute  tempera- 
ture for  several  different  fluorescence  wavelengths. 
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Experimentally  determined  empirical  functions 
n(X),  E(X),  and  G(X).  The  function  B(X),  re- 
presenting the  average  binding  energy,  and  a 
typical  polyxenide  lineshape  S(X)  are  also  shown 


bands  of  Fig.  44  therefore  consist  of  the  superposed  and  un- 
resolved emission  bands  of  KXe2»  KXe^f  KXe^,  etc.  We  ex- 
pect the  intensity  of  the  emission  band  due  to  KXe^^  to  be 
proportional  to  [Xe]”  with  n = 2,3,4,  etc.  Since  there  is 
substantial  overlap  of  these  bands  the  apparent  density  de- 
pendence of  the  fluorescence  of  wavelength  X is  [Xe]*^^^^ 
where  n(X)  is  the  measured  non-integer  exponent  and  n(X)  can 
be  interpreted  as  the  average  number  of  xenon  atoms  attached 
to  a potassium  atom  when  the  fluorescent  wavelength  is  X. 

The  values  X^  defined  by  n(Xp)  = p with  p = 2,3,4,  etc.  can 
be  identified  approximately  as  the  peak  wavelengths  of  the 
emission  bands  of  KXe2»  KXe^,  KXe^,  etc.  From  Fig.  45  we 
see  that  X2  = 5500  A , X^  = 5900  A , and  X^  = 6400  A.  The 
peak  of  the  well-resolved  monoxenide  spectrum  occurs  at 
X^  - 5220  A. 

The  energy  E(X)  can  be  thought  of  as  the  internal  energy 
(not  enthalpy  because  of  our  conditions  of  constant  density 
rather  than  constant  pressure)  released  in  the  reaction 

KXe(5S)  + (n-l)Xe  -*•  KXe^(5S)  + E (4) 


The  mean  binding  energy  per  xenon  atom  attached  to  the  mono- 

voniHo  TfVtfa*  He  4-Hiie 


The  binding  energy,  which  is  plotted  in  Fig.  45 , is  of  the 
order  of  1000  cm  ^ per  xenon,  and  it  increases  slightly  as 
more  xenons  are  added. 

The  line  shape  factor  G(X)  is  perhaps  the  most  remark- 
able property  of  the  polyxenide  band.  The  function  G{X)  is 
proportional  to  a factor  which  measures  the  statistical  weight 
of  the  configurations  of  potassium  polyxenide  molecules  which 
radiate  at  X,  and  a mean  transition  rate  of  the  configura- 
tions. Since  the  statistical  weight  factor  decreases  with 
increasing  n,  the  rapid  growth  of  G(X)  with  increasing  X must 
be  due  to  an  increase  in  the  decay  rate  with  X . Indeed  we 
expect  a substantial  increase  in  the  radiative  transition 
rate  with  X,  that  is,  with  the  number  of  attached  xenon  atoms, 
because  both  the  monoxenide  and  polyxenide  emission  bands  of 
Fig.  43  correlate  with  a highly  forbidden  electronic  transi- 
tion of  the  free  atom  K(5S)  -►  K(4S).  Each  additional  xenon 
atom  in  KXe^(5S)  will  cause  further  mixing  of  the  electronic 
wave  functions  of  the  free  potassium  atom,  and  the  radiative 
transition  will  therefore  become  increasingly  more  allowed 
as  more  xenons  are  attached.  The  unprecedented  prominence 
of  the  green  potassium  polyxenide  band  is  due  to  the  fact 
that  it  originates  from  a forbidden  electronic  transition  of 
the  free  potassium  atom.  This  seems  to  be  one  of  the  main 
reasons  that  multiple  perturber  effects  are  so  much  more 
striking  in  the  data  presented  in  this  paper  than  in  the 
pressure-broadened  resonance  lines  of  the  alkali  atoms. 
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Since  the  first  excited  P states  of  free  alkali  atoms  have 
fully  allowed  transition  rates  to  the  ground  state,  they  can 
only  be  weakened  by  multiple  perturber  effects,  while  for- 
bidden lines  are  strongly  enhanced. 

The  nature  of  these  polyxenide  exciplexes  is  still  un- 
certain, but  it  is  interesting  to  note  that  cluster  ions  of 

^ / Q Q \ 

the  form  K (^2©)^  have  been  extensively  studied,  ' and 
six  or  more  waters  of  hydration  are  observed  by  mass  spectro- 
scopic techniques.  Similar  bonding  of  alkali  ions  to  other 
neutral  molecules  (O2,  N2,  and  CO2)  has  been  observed and 
calculated  theoretically. The  highly  polarizable  noble 
gas  xenon  (a  = 4 can  be  expected  to  form  analogous  clus- 
ter ions  K^Xe^^,  and  an  electron  could  bind  to  such  a cluster 
ion  to  form  the  initial  and  final  states  of  the  polyxenide 
transitions  we  have  observed. 

Further  work  to  understand  the  nature  and  possible 
applications  of  the  potassium  polyxenides  and  other  similar 
exciplexes  is  being  planned. 

*This  work  also  supported  by  the  Army  Research  Office  (Durham) 
under  Grant  DAAG29-77-G-0015 . 
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D.  ABSORPTION  STUDIES  OF  CS2  AND  Rb2  MOLECULAR  BANDS  IN  THE 

VISIBLE  AND  NEAR  VISIBLE 

(R.  Gupta,  W.  Happer,  J.  Wagner,  E.  Wennmyr) 

York  and  Gallagher have  recently  suggested  that  alkali 
dimers  may  show  promise  for  high  power  tunable  lasers.  Lasing 
has  already  been  observed  in  Na  molecular  bands  by  several 
groups. In  orer  to  assess  the  potential  of  Rb2  and  CS2 
as  possible  lasing  media,  Schlie  and  coworkers at  Air  Force 
Weapons  Laboratory  have  studied  the  absorption  spectrum  of  Rb2 
and  CS2  in  the  infrared  region.  In  their  experiments  Schlie  et.al. 
note  that  the  precision  of  their  results  is  limited  by  uncertain- 
ties associated  with  the  saturated  vapor  pressure  of  alkali 
vapors.  We  have  extended  the  work  of  Schlie  et.al.  to  the  visi- 
ble region  of  the  spectrum  of  Rb2  and  CS2.  We  have,  however,  used 
a two  temperature  oven,  to  be  described  below,  and  we  have  thus 
almost  completely  eliminated  uncertainties  associated  with  the 
saturated  vapor  pressure  of  Rb  and  Cs. 

By  analyzing  the  temperature  dependence  of  the  absorption 
spectrum  of  CS2  in  the  visible  region,  we  have  demonstrated  that 
a group  of  unusually  narrow  bands  near  7100  & originates  from  a very 
shallow  and  possibly  slightly  repulsive  part  of  a ground  state 
potential  curve.  This  may  be  part  of  the  ground-state  potential 

O 

curve.  An  analogous  set  of  narrow  bands  occurs  for  Rb2  near  6000  A. 
The  remaining  prominent  visible  absorption  bands  of  CS2  and  Rb2 
all  originate  from  molecules  near  the  bottom  of  the  ' ground  state. 
A preliminary  report  of  this  work  was  presented  in  the  last  Progress 
Report. 
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Our  experimental  arrangement  was  the  classical  absorption 
spectroscopy  arrangement  and  has  been  described  in  the  previous 
Progress  Report.  Our  absorption  cell,  however,  had  a unique 
design,  as  shown  in  Fig.  46.  The  cell  was  made  of  alkali  resistant 
Corning  1720  glass  and  the  main  body  of  the  cell  was  2.5  cm  in  dia. 
and  7.5  cm  long.  The  main  body  of  the  cell  was  kept  at  temperature 
T2.  The  cell  had  a long  side-arm  which  was  kept  at  temperature  Tj^. 
The  temperature  Tj^  was  always  kept  lower  than  T2.  Thus  all  the 
alkali  metal  was  in  the  side-arm  and  the  vapor  pressure  of  alkali 
vapor  was  determined  by  T^^.  During  our  runs  we  maintained  the  vapor 
pressure  of  Cs  constant  by  holding  Tj^  constant  while  we  varied  the 
temperature  of  the  main  cell  T2  to  obtain  different  absorption 
curves.  Typical  results  for  CS2  are  shown  in  Fig.  47,  where  Tj^=660®K 
and  T2  is  varied  between  685 ®K  and  761‘*K. 

The  intensity  I(v)  of  the  light  transmitted  through  a cell 
of  lengch  z is  given  by 

I(v)  = Iq(v)  (1) 

where  Iq  ('’)  is  the  intensity  of  the  incident  light  and  a(v)  is  the 
absorption  coefficient  given  by 

a(v)  a _ ,2, 

N is  the  number  density  of  Cs  atoms  and  (R)  is  the  molecular 
potential  of  the  lower  state  at  internuclear  distance  R (we  have 
set  (®)  = 0) . The  total  vapor  pressure  in  our  cell  is  determined 
by  the  temperature  Tj^  of  the  Cs  metal  in  the  sidearm.  Under  our 
experimental  conditions  the  cesium  vapor  consists  predominently 
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Schematic  illustration  of  two-oven  arrangement  to  superheat  the  Cs  cell. 
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of  Cs  atoms.  The  partial  pressure  NkT2  of  Cs  atoms  in  the  main 
body  of  the  cell  is  therefore  very  nearly  equal  to  the  saturated 
vapor  pressure  P(Tj^)  of  the  liquid  Cs  in  the  side-arm,  i.e.  , 

NkT2  = P(Tj^)  (3) 

Combining  (1),  (2)  and  (3),  we  get 
Vj,(R) 

— = ln[-T2  ln(I(v)/lQ(v))]  + constant.  (4) 

1 2 

Therefore,  plots  of  ^ against  [-T2  Ind/Ip)]  at  fixed  frequencies 
on  semilog  scale  should  be  straight  lines  with  slopes  proportional 
to  . Fig.  4 8 shows  such  plots  for  various  frequencies  and  the 
straight  lines  and  the  least-squares  fit  to  the  data.  The  values 
of  , deduced  from  the  slopes  of  these  lines  are  shown  in  Table  XI. 
We  have  taken  similar  data  for  the  7600  %.  band  at  lower  temperatures 
(this  band  is  optically  thick  in  Fig. 47) , and  the  results  are 
given  in  Table  xi.  The  quoted  error  bars  represent  two  standard 
deviations  of  the  mean. 

Our  results  (Table  XI)  indicate  that  most  of  the  structure  in 
the  visible  and  near  visible  spectrum  of  CS2  originate  from  an 
attractive  potential  well.  Therefore  it  must  originate  from  the 
ground  state.  The  exception  is  the  structure  near  7100  A which 
appears  to  originate  from  a slightly  repulsive  ground-state 
potential.  Although  we  get  small  positive  values  for  (a 
repulsive  intermolecular  potential) , the  uncertainties  are  such  that 
we  cannot  completely  exclude  a small  negative  value  of  for  the 
peaks  near  7100  A. 

Since  the  peaks  near  7100  & correspond  to  very  small  potentials 
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Figure  48  : 

[-T  In (I (v)/l^ (v) ) ] is  plotted  against  1000/T  for  various 
wavelengths.  The  straight  lines  are  least  squares  fitted 
lines. 
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TABLE  XI 


r 


1 


j 

i 


I 


Wavelength  (Jl) 

(eV) 

4230* 

-0.33(5) 

4700 

-0.347(14) 

4800* 

-0.383(12) 

5040 

-0.287(16) 

5500 

-0.278(62) 

5800* 

-0.390(34) 

6000 

-0.330(32) 

6580 

-0.240(28) 

7070* 

+0.022(22) 

7130* 

+0.032(20) 

7180* 

+0.028(20) 

7600* 

-0.396(18) 

7650 

-0.386(22) 

7700 

-0.388(19) 

7880 

-0.379(30) 

, and  since  the  magnitudes  of  the  lowest  singlet  and  triplet 
potentials  of  the  CS2  molecule  are  thought  to  be  large  near  the 
equilibrium  internuclear  separation  it  is  natural  to  assume  that 
the  peaks  at  7100  k originate  from  transitions  at  large  internuclear 
separations  where  is  small.  There  is  no  way  to  tell  for  certain 

O 

from  our  data  whether  the  peaks  near  7100  A correspond  to  transi- 
tions from  the  singlet  or  triplet  ground  states,  but  if  the  lower 
state  potential  is  indeed  positive,  as  is  indicated  in  our  data, 

O 

the  peaks  at  7100  A would  be  the  first  identified  optical 
transitions  out  of  the  repulsive  triplet  ground  state  of  CS2  molecules. 

We  have  taken  similar  data  for  Rb2-  Unfortunately,  Rb  reacted 
with  the  1720  glass  at  these  elevated  temperatures,  changing  the 
transmission  characteristics  of  the  glass.  Therefore,  we  were 
unable  to  get  very  quantitative  data.  However,  we  were  able  to 
ascertain  that  most  the  structure  in  Rb2  absorption  bands  in  the 
visible  region  originates  deep  in  the  attractive  part  of  the  ground 

O 

state  potential  curve.  The  exception  is  a structure  near  6000  A 
which  seems  to  originate  from  a very  shallow  or  possibly  repulsive 
part  of  the  potential.  There  is  little  doubt  the  narrow  peaks  around 
6000  A in  the  spectrum  of  Rb2  are  analogous  to  the  similar  peaks 
around  7100  A for  CS2. 

(1)  G.  York  and  A.  Gallagher,  Joint  Institute  for  Lab.  Astrophysics, 
University  of  Colorado,  Report  No.  114,  1974. 
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E.  PHOTOIONIZATION  AND  STIMULATED  EMISSION  IN  ALKALI-NOBLE 

GAS  VAPORS* 

(G.  Moe,  W.  Happer) 

During  the  previous  year  experiments  were  begun  to  measure 
collisionally- induced  decay  rates  and  excitation  transfer  rates 
in  the  excited  states  of  alkali  atoms  in  the  presence  of  high 
pressure  noble  gas  atmospheres.  Our  early  results  disclosed 
that  additional  processes  were  taking  place  which  had  to  be 
thoroughly  understood  and  eliminated  in  order  that  the  experiments 
actually  measure  the  desired  physical  parameters.  These  additional 
processes,  which  involve  photoionization  and  stimulated  emission, 
were  found  to  be  quite  interesting  in  their  own  right. 

The  apparatus  used  in  these  experiments  is  shown  in  Figure  49. 
A glass  sample  cell  containing  either  pure  cesium  metal  or  cesium 
with  several  atmospheres  of  a noble  gas  such  as  xenon  or  krypton 
is  contained  in  a glass  oven.  The  oven  is  heated  electrically 
to  a temperature  as  high  as  400®C.  The  sample  is  irradiated  with 
light  from  a pulsed  tunable  dye  laser  which  is  pumped  by  a nitrogen 
laser.  Both  of  these  lasers  were  constructed  in  this  laboratory 
and  are  discussed  in  Progress  Report  number  27.  The  laser 
light  is  focussed  into  the  cell  with  a 5 cm  fl.  lens  and  the 
light  emerging  from  the  cell  in  the  forward  direction  (or  at 
other  times  at  right  angles  to  the  incident  laser  beam)  is  collected 
by  a lens  of  89  mm  focal  length  and  focused  into  the  entrance 
slit  of  a 3/4  meter  SPEX  grating  monochromator.  The  light  is 
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Figure  49;  Schematic  of  experimental  apparatus  for  time 
resolved  spectroscopy. 
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detected  by  a fast  photomultiplier  tube.  The  anode  current 
from  this  tube  is  sent  into  the  input  of  a sampling  oscilloscope 
which  is  interfaced  to  a PDP  8/E  minicomputer  operating  as  a 
signal  averager.  The  sampling  scope-signal  averager  combination 
functions  as  an  averaging  transient  digitizer  with  sub  nanosecond 
time  resolution.  The  sampling  scope  is  triggered  by  the  dye 
laser  pulse  via  a fast  (rise  time  <.5  nsec)  silicon  photodiode. 

The  wavelength  of  the  dye  laser  was  tuned  to  coincide  with 


the  second  resonance  line  of  Cs  at  4555  A.  The  energy  levels 

involved  are  shown  in  Figure  50.  This  wavelength  excites  Cs 

2 

atoms  from  their  ground  state  (6  second  excited  P 

2 

state  (7  P3/2^  * the  7P  state  about  half  of  the  excited  atoms 

2 

decay  radiatively  to  the  7 state.  In  that  state  they  may 

combine  with  a xenon  atom  (for  example)  to  produce  an  excimer 

molecule  in  the  7s^  state.  This  molecule  has  an  allowed  radiative 

2 

transition  to  the  ground  state  even  though  the  atomic  7 ■*" 

2 

6 Sj^^2  transition  is  highly  forbidden.  The  light  emitted  in  the 

O 

transition  is  in  a broad  (~50  A) , continuous  band  peaked  at 


O 


5723  A for  CsXe.  Indeed,  it  was  our  discovery  of  these  new  excimer 
bands  which  sparked  our  interest  in  these  excimer  transitions  as 
discussed  in  Progress  Report  number  26  and  number  27. 

Our  intention  was  to  study  the  rate  of  decay  of  fluorescence 
from  the  excimer  molecule,  but  in  the  process  we  discovered  some- 
thing unexpected  and  quite  interesting.  We  observed  strong 
fluorescence  from  a multitude  of  excited  states  of  Cs,  states  with 
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energies  considerably  higher  than  the  7P  level  we  were  exciting. 

Some  of  these  emissions  are  shown  as  wavy  lines  in  Figure  50.  The 
states  involved' are  S,D,  and  even  F states.  Their  energies  are 
such  that  it  would  not  be  possible  to  excite  them  with  a single 

O 

4555  A dye  laser  photon. 

The  fluorescence  from  these  high-lying  states  was  observed 
to  have  a very  fast  rise  time,  nearly  as  fast  as  the  laser  excita- 
tion pulse.  Figure  51  shows  the  time  history  of  the  fluorescence 
from  three  of  the  high-lying  D states.  The  cell  temperature  is 
230°C,  which  corresponds  to  a Cs  vapor  density  of  4.4x10^^.  This 
will  be  true  for  all  the  results  discussed  in  this  report,  although 
similar  effects  were  seen  over  a broad  range  of  temperatures.  No 
noble  gas  was  present  for  the  results  to  be  discussed  here,  although 
similar  effects  were  observed  in  cells  with  an  atmosphere  of 
Ar  or  Kr.  Figure  52  shows  a detail  of  the  initial  peak  of  one  of 
these  decay  curves,  for  the  8D  -*•  6P  transition,  with  greater  time 
resolution.  The  rise  time  of  the  fluorescence  is  seen  to  be 
about  the  same  as  that  of  the  laser  pulse.  In  addition,  the  decay 
of  the  fluorescence  was  observed  to  be  definitely  nonexponential. 

This  is  demonstrated  in  Figure  53,  which  shows  the  time  history 
2 2 

of  the  8 ^1/2  The  upper  trace  shows  the  log  of 

the  fluorescence  curve,  which  would  be  a straight  line  if  the  decay 
were  a simple  exponential. 

The  very  fast  rise  time  of  the  fluorescence  (a  few  nanoseconds) 
demonstrates  conclusively  that  this  fast  fluorescence  is  not  the 
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Figure  51; 


Fluorescence  from  nD-6P  transitions  in  Cs  as  a 
function  of  time.  The  D states  lie  considerably 
higher  in  energy  than  the  7P  level  populated  by 
the  laser. 
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Figure  53:  Decay  of  the  fluorescence  from  the  8 S-^^2  state 
in  Cs. 
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result  of  collisions  between  atoms  in  excited  states.  The  time 
scale  for  that  process  would  be  on  the  order  of  a microsecond. 

(In  fact,  during  the  time  we  were  studying  this  phenomenon  a 
paper  appeared  in  print reporting  the  discovery  of  this  same 
fluorescence  from  high-lying  states  in  a very  similar  experiment. 

The  authors,  lacking  the  cabability  to  perform  time-resolved 
measurements  on  a nanosecond  time  scale,  wrongly  attributed  the 
fluorescence  to  collisions  between  excited  atoms.  This  process 
may  be  operative  on  a longer  time  scale,  but  it  certainly  does  not 
account  for  the  fluorescence  produced  on  a nanosecond  time  scale. 

In  order  to  examine  the  possibility  that  the  highly-excited 
atoms  are  produced  by  a radiative  process  such  as  stimulated  Raman 
scattering,  we  examined  the  emission  spectrum  in  the  forward 
direction,  along  the  laser  beam,  for  coherent  emissions  at  wave- 
lengths that  did  not  correspond  to  allowed  single-photon  transitions 
between  excited  states.  While  we  observed  nothing  that  would 
account  for  the  population  of  atoms  in  highly  excited  states  we  did 
observe  coherent  emissions  which  were  unexpected  and  very  interesting. 
These  emissions  are  shown  in  Figure  50.  We  observed  lasing  on  the 
7S-6P  transitions  at  1.36  and  1.47  microns  in  the  infrared  using 
a fast  germanium  photodiode  and  lasing  (directional,  in  both  the 
forward  and  backward  directions)  on  the  resonance  lines  of  Cs  at 

O O 

8521  A and  8943  A.  These  emissions,  in  pulses  at  least  as  short 
in  time  as  the  laser  pulse  itself,  imply  the  existence  of  stimulated 
emission  and  stimulated  Raman  scattering  to  populate  the  7S  state 


from  the  7P  state.  We  were  quite  surprised  to  see  the  stimulated 

emission  on  the  resonance  lines  of  Cs,  since  the  optical  thickness 

of  the  Cs  vapor  in  the  resonance  lines  at  this  density  is  on  the 
4 15 

order  of  10  or  10  and  fluorescence  is  highly  trapped.  The 
stimulated  emission  could  not  be  produced  by  populating  the  6P 
state  directly  from  the  6S  state,  as  one  could  at  most  saturate 
the  transitions  and  equalize  the  populations.  There  is,  however, 
nothing  to  prevent  achieving  a population  inversion  on  this  transi- 
tion via  the  7P  state,  in  a process  similar  to  that  used  in  a 
3-level  laser.  Thus  this  process  is  not  so  surprising,  and  could 

have  been  expected.  A literature  search  revealed  that  it  had 

12) 

been  reported  during  the  last  year  by  Rung  and  Itzkan,  who 
also  discuss  the  Raman  processes  discussed  above. 

O 

We  also  observed  coherent  emissions  at  approximately  6606  A, 
as  shown  in  Figure  50,  which  results  from  a four-wave  mixing  process 
involving  a laser  photon  and  two  2.93  )J  photons  from  the  7P ->■  7S 
transition.  The  wavelength  of  this  emission  tunable  over  a range 

O 

of  about  10  A by  tuning  the  wavelength  of  the  pump  laser.  This 
emission  is  produced  by  the  same  4-wave  mixing  process  as  that 
observed  in  potassium  vapor  by  Sorokin,  Wynne,  and  Lankard  in 
1972. 

All  the  coherent  emissions  discussed  up  to  this  point  are 
produced  by  mechanisms  that  are  easily  understood.  However  we 
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also  observed  a coherent  emission  at  5393.5  A,  the  wavelength  of 
2 2 

the  7 ^ ®l/2  cesium,  which  is  not  as  readily 
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explained.  This  transition  is  highly  forbidden.  The  electric 
dipole  moment  is  zero  for  an  isolated  atom  because  of  parity 
violating  considerations  and  the  magnetic  dipole  moment  is 
known  to  be  anomalously  small  by  some  four  orders  of  magnitudes. 

This  makes  it  much  too  small  to  account  for  the  emissions  we 
observe.  This  is  in  fact  the  reason  this  transition  was  selected 
by  M.A.  Bouchiat  and  C.  Bouchiat  to  look  for  an  electric  dipole 

(4) 

moment  induced  by  parity-violating  weak  neutral  current  effects. 

The  coherent  emissions  on  the  7S  - 6S  transition  had  also  been 
independently  and  previously  observed  by  Flusberg,  Mossberg  and 
Hartmann^^^  of  this  laboratory  in  an  unrelated  experiment. 

O 

Figure  54  shows  the  time  history  of  the  5394  A 7S  - 6S 
emission  above  that  of  the  laser  pulse.  Much  of  the  pulse  width 
is  instrumental  due  to  the  finite  band  width  of  the  photomultiplier 
tube  used  (Amperex  TUV56) . The  laser  pulse  itself  has  a full  width 
at  half  maximum  of  about  5 nsec  when  observed  with  a biplanar  photo- 


diode with  a rise  time  less  than  .5  nsec. 

The  rise  of  the  IS  - 6S  emission  is  delayed  from  that  of  the 
laser  by  approximately  1 nsec  in  Figure  49. 

We  interpret  both  the  7S-6S  emission  and  the  fluorescence 
from  the  high-lying  states  as  due  to  photoionization  of  the  Cs 
atoms  by  the  laser  pulse.  An  excited  Cs  atom  can  absorb  another 
laser  photon  and  become  photoionized,  producing  an  electron  with  on 
the  order  of  1 eV  of  kinetic  energy.  Remembering  that  electrons 
move  -2000  times  more  rapidly  than  atoms  for  the  same  kinetic 
energy)  we  see  that  the  collision  rate  between  electrons  and  excited 
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atoms  in  the  laser  beam  would  be  large  enough  to  easily  account 
for  the  fast  rise  time  of  the  fluorescence.  In  fact  the  collision 
rate  is  probably  rapid  enough  to  establish  an  equilibrium  between 
the  relative  populations  of  the  highly  excited  states  and  the 
electron  temperature.  Thus  the  very  rapid  "nonexponential”  initial 
decay  of  the  fluorescence  shown  in  Figure  53  may  show  the  rapid 
cooling  of  the  electron  temperature  in  the  plasma  in  the  focus 
of  the  laser  beam. 

The  photoelectrons  and  ions  would  also  produce  electric  fields 
in  the  vapor  which  would  perturb  the  Cs  atoms.  The  electric  field 
would  have  both  a random  component  and  a macroscopic  radial 
component  which  would  result  from  the  radial  movement  of  the  electrons 
out  of  the  focused  laser  beam  waist.  The  electric  fields  thus 
produced  would  perturb  the  Cs  atom,  mixing  its  S and  P states  and 
inducing  an  electric  dipole  moment  on  the  7S  - 6S  transition. 

We  believe  this  induced  dipole  moment  accounts  for  the  emission  of 

O 

the  5394  A light  we  observe.  (The  atom  is  already  in  a coherent 
superposition  of  the  6S  and  7S  states  because  the  7S  and  6S  states 
are  coupled  by  the  light  through  the  6P  and  7P  states.  All  it 
needs  is  a nonzero  expectation  value  for  the  dipole  moment.) 

The  electric  field  induced  dipole  matrix  element  has  been 

calculated  as  a function  of  the  external  electric  field  by 

( 4 ) 

Bouchiat  and  Bouchiat.  The  result  is 

E,  = <7s|er|6S>  = 5.83x10"®  ea  E (-  ) (1) 

i ' ' o o cm 
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I ^ Where  er  is  the  dipole  moment  operator  and  = ea^  corresponds  to 

» 

' I an  oscillator  strength  f = 1. 

I 

> , In  order  to  get  some  idea  of  the  magnitude  of  the  induced 

dipole  moment  we  measured  the  relative  intensities  of  the  various 
emissions.  The  results  are  shown  in  Table  XII.  If  we  were  to 
assume  that  the  7S  - 6S  and  6P  - 6S  emissions  would  have  roughly 
equal  intensities  for  equal  oscillator  strength,  and  use  the  fact 
that  the  oscillator  strength  for  the  6P  - 6S  transition  is  nearly 
unity,  we  come  out  with  a rough  estimate  of  the  oscillator  strength 
for  the  7S  - 6S  transition  of  (1/3.3x10^)  = 3x10  This  means 
an  electric  dipole  moment  roughly  1/2%  that  of  a fully  allowed 
transition.  (This  value  is  really  an  upper  bound,  since  it  is  not 
certain  that  most  of  the  light  emitted  in  the  resonance  lines 
escapes  from  the  vapor) . According  to  Equation  1,  this  would 
imply  an  rms  electric  field  of  ~10^  V/cm.  This  is  equal  to  the 

e 

field  of  an  electron  at  a distance  of  120  A. 

In  order  to  confirm  our  hypothesis  that  the  unexpected  effects 
observed  were  due  to  ionization  we  used  a cell  with  two  interior 
disk-shaped  electrodes  facing  each  other  about  1 cm  apart  and 
measured  the  amount  of  charge  produced  by  a laser  pulse.  We 
applied  a small  voltage  across  the  plates  and  operated  in  a 
region  ( a few  volts  to  -30  volts)  where  the  amount  of  charge 
collected  was  independent  of  the  voltage.  To  determine  the  total 
charge  produced  we  integrated  the  area  under  the  trace  on  an 
oscilloscope  as  the  charge  decayed  through  a known  resistance. 
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The  result  was  1.2xio  electrons.  Under  our  experimental  condi- 
tions this  corresponds  to  nearly  total  ionization  of  the  vapor  in 
the  volume  of  the  focused  laser  beeun,  which  we  estimate  to  be 
~100  u in  diameter  at  the  focus. 

This  finding  of  near  total  ionization  is  in  good  agreement 
with  our  own  rough  estimate  of  the  number  of  ions  expected  using 
a laser  peak  intensity  of  -lO  kw  in  a 5 nsec  pulse  (this  is  more 

than  adequate  to  saturate  the  7P  - 6S  transition)  and  the  value  for 

—18  2 ® 

the  photo ionization  cross  section  a = 5x10  cm  at  4555  A measured 
by  Nayfeh  et  al. (A  precise  comparison  is  difficult  because 
some  of  the  electrons  detected  in  the  experiment  were  surely  produced 
after  the  laser  pulse  by  collisional  processes.)  Near-total 
ionization  has  recently  been  observed  in  sodium  and  cesium  vapors 
by  Luca tor to  and  Mcllrath^^^  and  by  Hurst  et  al.^®^  respectively 
using  f lashlamp-pumped  dye  lasers.  Our  results  show  that  nitrogen- 

4 

pumped  dye  lasers,  which  have  approximately  10  times  less  energy 
per  pulse  and  are  commonly  used  in  a variety  of  experiments 
with  atomic  vapors,  are  also  easily  capable  of  producing  a very  high 
degree  of  ionization  in  an  atomic  vapor.  Both  ionization  and 
stimulated  emission  can  have  substantial  effects  on  the  results  of 
experiments  designed  to  study  collisional  processes  in  supposedly 
neutral  vapors,  such  as  the  decay  rate  measurements  in  progress  in 
this  laboratory,  and  these  experiments  must  be  designed  to 
eliminate  such  extraneous  effects. 
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III.  QUANTUM  DETECTION  AND  SENSING  OF  RADIATION 


A.  NONLINEAR  HETERODYNE  DETECTION  AND  SENSING  IN  THE  INFRARED 
AND  OPTICAL  REGIONS  OF  THE  SPECTRUM. 

Progress  in  this  project  during  the  first  interval  has  been 
achieved  in  a number  of  directions,  as  described  in  the  following 
subsections:  1.  Heterodyne  correlation  radiometry;  2.  Simple 
threshold  detection  of  a continuous  signal  in  noise  with  multiple 
independent  observations;  and  3.  Heterodyne  detection  of  rough 
targets  in  the  infrared  and  optical. 

1 . Heterodyne  Correlation  Radiometry^^^ 

(M.  C.  Teich,  R.  A.  Meyers,  G.  Vannucci) 

We  have  recently  shown  that  three-frequency  nonlinear 
heterodyne  detection  can  be  a useful  technique  for  the  acquisition 
of  weak  communications  and  radar  signals  in  the  presence  of 
substantial  Doppler  shift. The  same  concept  has  also  been 
considered  in  the  context  of  a multiple-frequency  passive 
configuration,  for  the  selective  heterodyne  detection  of  radiation 
from  known  remote  species  moving  with  unknown  velocities. 

Basically,  the  system  uses  a nonlinear  element  to  provide  an  output 
signal  near  a predetermined  difference  frequency  f^,  which  is 
independent  of  the  Doppler  shift  of  the  received  signals.  The 
quantity  may  be  the  frequency  difference  between  two  transmitter 
modes, or  the  rest  difference  frequency  between  two 


194 


(4) (5) 


The  signal- 


waves  emitted  from  a remotely  radiating  source. 

to-noise  ratio  (SNR)  obtainable  with  the  nonlinear  heterodyne  system 
can  be  substantially  higher  than  that  obtainable  with  a conventional 
heterodyne  system  by  virtue  of  the  (often  considerable)  decrease  in 
receiver  bandwidth  that  is  possible  and  the  relatively  small  amount 
of  receiver  noise  introduced  by  the  nonlinear  element. 

The  present  worlt  considers  the  use  of  the  same  principle  in  an 
altered  configuration,  to  sensitively  detect  the  signature  of  a 

j source  whose  Doppler  feature  is  known,  but  whose  presence  we  wish 

1 

to  affirm.  A radiating  sample  of  the  species  to  be  detected  is 
physically  made  a part  of  the  laboratory  receiver,  and  serves  as  a 
frequency-domain  template  with  which  the  remote  radiation  is 
correlated,  after  heterodyne  detection.  The  system  will  be  especially 

s' 

' useful  for  the  detection  of  species  or  sources  whose  radiated  energy 

is  distributed  over  a large  number  of  lines,  with  frequencies  that 
are  not  necessarily  known.  Examples  include  the  radiation  from 
complex  molecules  at  submillimeter  wavelengths  and  molecular  radia-  ] 

tion  in  the  infrared  and  optical.  We  observed  that  remote  conven-  * 

tional  heterodyne  radiometry  and  spectroscopy  have  recently  begun 
to  find  use  at  these  higher  frequencies. Detailed  studies  j 

of  the  sensitivity  limits  of  a real  infrared  heterodyne  spectro- 
meter have  been  carried  out  by  Abbas  et  al. Attention  has 
been  drawn  to  a number  of  multiplexing  or  correlation  techniques 
useful  for  increasing  the  detectability  of  a weak  signal, 

including  Fourier-transform  spectrometry, gas-cell  correlation 
(12) 

spectrometry,  and  Fabry-Perot  interferometry  for  periodic 

(13) 

rotational  Raman  spectra.  The  system  described  here  provides 

the  advantages  of  heterodyning  in  conjunction  with  correlation. 
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A block  diagram  of  the  remote-detection  version  of  the  pro- 
posed system  is  illustrated  in  Figure  55.  The  remotely  radiating 


source  emits  electromagnetic  radiation  at  a series  J of  rest  signal 
frequencies  f ^ ( j integer) . Also  present  in  the  same  source  are 
other  undesired  species  (impurities) , emitting  radiation  at  the 
series  K of  rest  frequencies  f.  (k  integer).  The  f.  radiation,  as 
well  as  the  f^^  radiation,  will  in  general  be  Doppler  shifted  due  to 

the  motion  of  the  source,  and  will  arrive  at  the  receiving  station 

, • 

with  frequencies  f.  and  fj^,  respectively.  These  series  are  referred 

I I 

to  as  J and  K . 

The  received  remote  radiation  is  then  combined  with  the  radia- 
tion from  a local  sample  of  the  species  to  be  detected,  which  is  at 
rest  in  the  laboratory  frame  and  therefore  emits  at  frequencies  f^. 

I I 

The  three  series  of  frequencies  (f.,  f.,  and  f.)  are  mixed  in  a 

D D 

heterodyne  detector  with  a strong,  coherent,  and  polarized  local 
oscillator  (LO)  signal  at  frequency  f^  to  produce  three  series  of 

Li 

» I 

strong  electrical  beat  signals  at  If.  - f - I » If.;  “ fr  I » I f u I » 

J jj  J Li  K Jj 

along  with  a dc  component  that  is  blocked.  This  is  shown 


schematically  in  Figure  56.  Signals  at  [f.  - f.|,  |f.  - f v | # 

3 3 3 ^ 

I 

and  |f.  - f V,  I » arising  without  benefit  of  the  LO,  are  weak  and  may 
be  neglected.  In  the  infrared  and  optical,  optimum  mixing  requires 

coincident,  plane,  parallel,  and  polarized  waves  normally  incident 
J . (i4)  -1  ir- 


on the  photodetector; 


thus  spatial  first-order  coherence  is 


required  over  the  detector  aperture. ~ As  shown  in  Fig.  55, 
the  ac  output  of  the  heterodyne  mixer  must  then  be  coupled,  through 
a filter  of  bandwidth  Af,  to  a nonlinear  device.  Provided  that 


Figure  56  : 


Schematic  representation  of  frequency  mixing  in  the  hetero- 
dyne correlation  radiometer.  The  cross-hatched  areas  repre- 
sent individual  line  contributions  (from  line  pairs  j)  to  the 
over-all  detected  signal  power.  The  technique  is  most  useful 
for  detecting  species  whose  radiated  energy  is  distributed 
over  a large  number  of  lines.  Note  that  the  frequencies  f^ 
and  f^  need  not  be  known  whereas  the  Doppler  shift  frequency 
|f!  - fjl  is  assumed  to  be  known  a priori.  The  local 
oscillator  may  be  multimode,  non-stabilized,  and  non-tunable. 
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the  bandwidth  Af  encompasses  several  lines  produced  by  the  species 
to  be  detected,  its  value  is  not  critical.  The  nonlinear  device, 
which  is  assumed  to  have  a response  over  Af,  then  generates  a 
component  of  power  at  the  Doppler  shift  frequency 

|fj  - fjl  = (V||/C)f.  (1) 

for  each  j when  both  jf.  - f ^ | and  |f.  - f ^ | pass  through  Af.  Con- 

] Li  31, 

tributions  from  individual  values  of  j are  shown  as  the  cross-hatched 
areas  in  Fig.  56.  The  greater  the  number  n of  these  line  pairs  that 
pass  through  the  filter,  the  greater  the  power  generated  at  the 
Doppler  shift  frequency.  It  is  also  evident  from  Fig. 56  that  a 
multimode  LO  (indicated  by  3 LO  lines  in  our  schematic)  may  increase 
the  likelihood  that  several  lines  are  detected  from  the  desired 
species. 

Previous  embodiments  of  the  nonlinear  heterodyne  detection 
technique  assumed  that  the  Doppler  shift  (represented  by  Vjj) 

was  unknown  within  broad  limits,  but  that  the  difference  frequency 
f^  was  known  a priori  to  high  accuracy.  In  the  present  circumstance, 
we  assume  that  the  radiated  line  frequencies  are  unknown  but  that 
the  Doppler  shift  is  known  a priori,  at  least  to  good  approximation 
(see  Fig. 56) . As  previously, the  nonlinear  device 
output  is  independent  of  LO  frequency  and  amplitude  fluctuations, 
within  broad  limits.  (A  careful  choice  of  the  LO  frequency  will 
often  be  useful,  however.)  A narrowband  filter  centered  at 
|fj  - fjl  and  of  bandwidth  B,  placed  after  the  nonlinear  device, 
achieves  a low  noise  bandwidth  (see  Fig. 55).  Only  the  heterodyne 
mixer  and  the  nonlinear  device  need  have  high-frequency  response 
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in  many  instances.  Thus,  amplifiers  and  other  detection  apparatus 
following  the  nonlinear  device, though  omitted  in  the  block  diagram 
for  simplicity,  process  electrical  signals  at  (usually)  moderate 
frequencies,  which  provides  ease  of  matching  as  well  as  good  receiver 
noise  figure.  This,  in  turn,  decreases  the  LO  power  necessary  for 
optimum  cohe,  t detection. The  effect  of  accidental 
contributions  at  |fj  - f ^ | arising  from  the  K series  can  generally 
be  neglected. 

If  warranted,  the  output  of  the  narrow  bandpass  filter  may  be 

(19) 

fed  into  a standard  Dicke  radiometer  (dashed  box  in  Fig. 55) 

consisting  of  a (third)  detector,  a phase-sensitive  (synchronous) 
detector,  and  an  integrator  with  time  constant  t.  Although  we 
specify  that  the  third  detector  is  square-law  in  Fig. 55,  its 
characteristic  is  not  critical  and,  in  fact,  a linear  detector 
will  often  provide  the  cleanest  signal.  The  modulation  may  be 
obtained  from  a chopper  as  indicated  in  Fig. 55,  though  in  some 
circumstances  it  might  be  advantageous  to  switch  the  frequency  of 
the  narrow  bandpass  filter  Instead  of  the  remote  radiation  (for 
baseline  elimination) . The  use  of  a Dicke  radiometer  will  generally 
provide  improvement  in  the  SNR  and  has  been  coupled  with  conventional 
infrared  heterodyne  systems  in  a number  of  instances. It 


may  also  be  advantageous  to  use  a balanced  mixer  in  this  configura- 


tion. 


(7) 


Considerable  progress  has  been  made  in  the  theoretical  analysis 


of  the  heterodyne  correlation  radiometer  and  the  details  will  be 
published  shortly. The  ideal  SNR  and  MDP  at  the  output  of  the 
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system  have  been  obtained  for  a number  of  cases  of  interest, 
including  sinusoidal  signals  and  Gaussian  signals  with  both  Gaussian 
and  Lorentzian  spectra.  Small  linewidths  and  closely  spaced  lines 
are  seen  to  enhance  detectability,  as  does  a strongly  radiating  local 
sample.  Of  course,  the  remote  source  should  be  as  strong  as 
possible  for  definitive  detection.  Correction  factors  for  impurity 
species  have  been  accounted  for  and  are  not  expected  to  seriously 
impair  operation  of  the  system.  For  certain  choices  of  parameters, 
the  SNR  at  the  output  of  the  heterodyne  correlation  radiometer  will 
provide  a sufficient  confidence  level  for  detection.  For  situations 
in  which  this  is  not  the  case,  further  improvement  can  be  obtained 
by  using  a classical  radiometer,  a balanced  mixer,  and/or  a 
multichannel  receiver.  Though  system  performance  is  excellent,  the 
real  SNR  may  be  reduced  by  a variety  of  deleterious  effects  in 
analogy  with  the  conventional  system. 

The  technique  should  operate  over  a broad  frequency  range 
from  the  microwave  to  the  optical.  For  the  submillimeter  region, 
it  may  be  possible  to  use  a combination  Schottky-barrier-diode/ 
harmonic-mixer  that  would  provide  an  output  at  low  frequencies  as 
long  as  the  high-frequency  beat  signals  are  generated  and  mixed 
within  the  detector.  LO  harmonics  are  also  readily  generated  in 
these  devices so  that  harmonic-mixing  heterodyne  correlation 
radiometry  could  be  performed.  Josephson  junctions,  which  can 
sometimes  be  made  to  produce  their  own  LO  power,  and  metal-oxide- 
metal  diodes  could  also  be  used.  An  IMPATT  solid-state  oscillator 
could  conveniently  be  considered  as  an  LO  in  these  regions  since 


frequency  stabilization,  which  is  difficult  to  achieve  in  these 
devices,  is  not  required.  At  higher  frequencies,  tunable  diode 
lasers  and  Schottky-barrier  detectors  may  be  useful  components. 

Because  the  theoretical  solutions  we  have  obtained appear 
to  confirm  the  attractive  features  of  the  technique,  we  are  proceeding 
with  an  experimental  implementation.  In  the  next  interval,  we  will 
construct  a simple  heterodyne  correlation  receiver  using  an  Ar^ 

O 

multimode  laser  operated  at  5145  A in  conjunction  with  two 
scattering  targets.  That  will  provide  a good  experimental  indica- 
tion of  the  usefulness  of  heterodyne  correlation  radiometry  and 
will  determine  whether  we  shall  proceed  with  implementation  in  the 
infrared,  where  the  technique  is  likely  to  provide  the  most  advantage. 
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2.  Simple  Threshold  Detection  of  a Continuous  Signal  in  Noise 

with  Multiple  Independent  Observations 

(P.  R.  Prucnal,  M.  C.  Teich,  G.  Lachs) 

The  likelihood-ratio  detection  of  a signal  embedded  in  noise 
constitutes  an  important  class  of  classical  binary  decision  problems 
that  has  found  widespread  applicability  in  the  synthesis  and 
analysis  of  many  types  of  systems. Though  the  signal-to-noise 
ratio  (which  is  most  useful  for  analog  systems)  can  frequently 
provide  a rough  indication  of  system  performance  for  digital  systems, 
likelihood-ratio  analysis  and  error  probabilities  provide  more 
appropriate  performance  criteria  for  digital  systems.  For  complex 
signal  and  noise  statistics,  however,  it  is  sometimes  difficult  or 
impossible  to  express  the  likelihood-ratio  in  closed  form.  Even 
for  simple  signal  and  noise  statistics,  direct  implementation  of 
the  likelihood-ratio  as  an  optimum  detector  may  be  rather  difficult. 
Sometimes  it  is  possible  to  reduce  the  likelihood-ratio  to  a simpler, 
but  equivalent  detector  by  using  various  ^ hoc  geometric  arguments 
or  lengthy  algebraic  manipulations. 

In  the  present  work  we  derive  a remarkable  simple  detector 
that  is  optimum  for  a broad  range  of  classical  binary  decision 
problems  involving  likelihood-ratio  detection  of  a signal  embedded 
in  noise.  The  class  of  problems  we  consider  encompasses  the  case 
of  N independent  (but  not  necessarily  identically  distributed) 
observations  of  an  arbitrary  non-negative  (or  non-positive) 
continuous  signal,  embedded  in  additive,  independent,  and  non- 
interfering continuous  noise.  For  infrared  or  optical  heterodyne 


detection,  we  can  use  this  method  provided  we  can  separate 
signal,  local  oscillator,  and  mixing  contributions  from  such 
noninterfering  noise  sources  as  dark  noise  and  amplifier  noise. 

We  show  that  a comparison  of  the  sum  of  the  N observations  with 
a unique  threshold  comprises  an  optimum  detector,  provided  only  that 
the  logarithm  of  the  noise  probability  density  does  not  contain 
a point  of  inflection.  This  condition  on  the  noise  probability 
density  is  not  necessary,  but  is  sufficient,  to  imply  our  simple 
threshold  detector,  and  does  not  depend  on  the  signal  probability 
density.  Our  results  are  applicable  to  a spatial  array  of  detectors 
exposed  to  a temporal  sequence  of  observations.  In  many  cases,  it 
is  not  difficult  to  test  the  logarithm  of  the  noise  density 
analytically  for  a point  of  inflection.  In  more  difficult  cases, 
a graphical  representation  of  the  noise  density  with  a logarithmic 
ordinate  scale  could  be  useful  in  revealing  a point  of  inflection. 

We  also  develop  a restriction  on  the  form  of  the  likelihood  ratio 
that  renders  the  sum  of  the  N observations  a sufficient  statistic. 

We  consider  the  following  general  classical  binary  detection 
problem.  Each  of  two  source  outputs  corresponds  to  a hypothesis, 

Hq  or  To  decide  which  hypothesis  is  true,  based  on  the  Bayes 

or  Neyman-Pearson  criterion,  optimum  processing  of  the  observation 
vector  X is  the  well-known  likelihood-ratio  test^^^ 

^ P(^|H  ) «1 

A(x)  = - ■ < X , (1) 

p(xlHo) 
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where  A (x)  represents  the  likelihood-ratio,  p(x|H^)  is  the  probability 

density  of  x given  that  is  true,  and  X is  a constant  dependent 

on  the  choice  of  decision  criterion.  The  observation  vector 

X = (Xj^, . . . ,Xj^)  consists  of  N independent  observations,  which  may 

represent  a spatial  array  of  N detectors  sampled  during  a sequence 

s 

of  N time  intervals,  in  which  case  N = N N . 

t S w 

In  the  simplest  situation,  N =N  =1,  so  that  a single  detector 

s ^ 

samples  a single  observation  x^^.  In  this  case  A(Xj^)  may  be 
graphically  represented  by  a simple-two-dimensional  Cartesian  plot. 

We  demonstrate  that  a simple  condition  on  the  noise  density, 
namely  that  its  logarithm  does  not  contain  a point  of  inflection, im- 
plies that  A(Xj^)  is  monotonic  with  respect  to  x^^.  The  monotonicity 
of  A(Xj^)  implies,  in  turn,  that  Eq.  (1)  is  equivalent  to  the  simple 
threshold  detector 

X'  , (2) 

Equation  (2)  completely  specifies  optimum 

Considering  now  the  case  N>1,  we  visualize  A(x)  as  a N-dimen- 
sional  surface  in  N+1  space.  An  N-dimensional  hyperplane,  orthogonal 
to  the  A axis  at  X,  cuts  through  the  surface  A(x).  This  is 
illustrated  in  Fig. 57  for  N=2.  For  an  observation  x,  the  test  given 
by  Eq.  (1)  is  equivalent  to  determining  whether  A(x)  is  located 
above  or  below  the  hyperplane:  if  it  is  above,  is  chosen;  if  it 


with  threshold  X’ . 
processing  of  x^. 
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Figure  57  : 


The  likelihood  ratio  A(x)  versus  the  observations  for  the  case 
N = 2.  The  solution  A(x)  = X is  represented  by  the  multiple 
curved  intersections  of  A(x)  with  the  dotted  plane.  The  decision 
regions  Hq  are  cross-hatched  and  represent  the  coordinates  (Xj^,X2 
for  which  A(x)  < X.  The  decision  regions  are  unshaded  and 
represent  the  coordinates  {Xj^,X2)  for  which  A (x)  > X.  This  case 
exhibits  multiple  curved  decision  boundaries. 


i 


is  below,  Hq  is  chosen.  The  projections  of  the  intersections  of 
the  hyperplane  and  A(x)  partition  the  remaining  N coordinates  into 
N-dimensional  decision  regions  and  Hq,  corresponding  to  the 
regions  where  A(x)  is  above  or  below  the  hyperplane.  The  decision 
is  then  based  upon  the  region  in  which  the  tip  of  the  observation 

A 

vector  X falls.  In  Fig.  57,  Hq  is  represented  by  the  cross-hatched 
region  and  Hj^  by  the  unshaded  region.  If  there  are  multiple 
intersections  of  the  surface  and  the  hyperplane,  as  in  Fig.  57  , 
the  decision  region  Hq  (and  consequently  the  decision  region  H^^) 
is  not  connected. 

We  also  demonstrate  that  if  the  same  condition  on  the  noise 

density  considered  for  N=1  applies  to  each  component  of  the  N- 

dimensional  density,  the  A(y)  is  monotonic  with  respect  to 
N 

y = I X.,  as  illustrated  in  Fig.  58.  (Note  that  the  likelihood 
^ i=l  ^ 

ratio  has  now  been  transformed  to  the  coordinate  system  y^^ , . . . ,yj^. ) 
We  see  from  Fig.  58  that  the  (cross-hatched)  decision  region  Hq 
(and  consequently  the  decision  region  H^)  is  connected,  so  that 
Hq  and  H^^  are  partitioned  by  a single  boundary  A"  (y2 f • • • f y^j)  • In 
this  case,  therefore,  Eq.  (1)  is  equivalent  to  the  simple  threshold 
detector 


This  does  not  completely  specify  optimum  processing,  as  does  the 
simple  threshold  detector  in  the  case  N=l,  where  X'  is  not  a 


209 


plane.  The  region  Hq  is  cross-hatched  and  represents  the  coordinates 
for  which  A(y)  < X.  The  decision  region  is  unshaded 


and  represents  the  coordinates  (yj^/y2)  for  which  A(y)  > X.  This 
case  exhibits  a single  curved  decision  boundary  (y^) , and 
therefore  simple  threshold  detection. 


LO 


T' 


i 


t! 


* 


function  of  x.  However,  Eq.  (3)  does  assure  the  uniqueness  of 

the  threshold,  in  contrast  to  the  non-monotonic  case  of  Fig.  57. 

Note  that  if  N=l,  Eq.  (3)  reduces  to  Eq.  (2) . 

A (y)  may  depend  explicitly  only  on  the  coordinate  y^^,  in 

which  case  the  decision  boundaries  are  straight  lines.  In  this 

case,  y^^  contains  all  of  the  information  necessary  to  make  a 

decision,  and  is  therefore  a sufficient  statistic.  We  are  able  to 

demonstrate  that  independent  identically  distributed  observations 

N 

and  an  exponential  likelihood  ratio  renders  ® suffi- 

cient statistic.  If,  in  addition,  the  condition  on  the  noise 
density  discussed  previously  is  satisfied,  then  Hq  and  are 
partitioned  by  a single  constant  boundary  X'.  In  this  case  optimum 
detection  is  represented  by  the  comparison 


N 


i=l 


X . 
r 


(4) 


which  completely  specifies  optimum  processing. 

A manuscript  has  been  prepared  documenting  the  details  of 

(2) 

these  results  and  has  been  submitted  for  publication.  We  have 

found  that  the  following  noise  densities  satisfy  the  simple  condi- 
tion cited  above:  Gaussian,  Rayleigh,  gamma,  and  Maxwell.  The 
beta  noise  density  satisfies  it  only  for  certain  parameter  values, 
whereas  the  Cauchy  noise  density  never  satisfies  it. 

In  short  we  have  demonstrated  that  simple  threshold  detection 
represents  optimum  processing  in  many  more  cases  than  previously 
considered.  Our  work  on  this  problem  is  now  complete. 
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Heterodyne  Detection  of  Rough  Targets  in  the  Infrared  and  Optical* 
(M.  Elbaum,  M.  C.  Teich) 


Heterodyning  in  the  infrared  and  optical  provides  a useful 
technique  for  the  detection  and  estimation  of  a weak  signal  buried 
in  a strong  background  (this  is  true  for  both  the  conventional  and 
the  nonlinear  implementations) . In  this  work,  we  consider  the 
detection  of  weak  radiation  scattered  from  a laser-illuminated  non- 
cooperative  rough  target. Taking  into  account  the  coherence 
properties  of  the  scattered  radiation  enables  us  to  demonstrate 
that  receiver  performance  is  optimized  when  the  degeneracy  parameter 
of  the  scattered  signal  light  is  unity.  This  result  establishes  a 
connection  between  the  mean  number  of  signal  photocarriers  released 
and  the  radar  pulse  duration.  The  coherence  properties  of  the 
scattered  radiation  are  therefore  germane  to  the  design  of  hetero- 
dyne laser  radar  systems  and  should  not  be  omitted  from  the 
formalism  as  is  usual. 

The  theoretical  portion  of  this  work  has  been  largely  completed 
and  a manuscript  detailing  the  results  is  in  preparation. 


*This  research  was  also  supported  by  DARPA. 
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B.  PHOTON  COUNTING  DETECTION  FOR  COMMUNICATIONS,  RADAR,  AND 

IMAGING 

Our  efforts  in  this  area  have  been  largly  concerned  with  direct 
detection  photon  counting  systems  operating  in  the  visible  region. 
Substantial  progress  in  the  first  interval  has  been  made  on  a number 
of  problems,  considered  in  the  following  subsections:  1.  Optimum 
photon  detection  with  a simple  counting  processor;  2.  Effects  of 
rate  variation  on  the  counting  statistics  of  dead-time-modified 
Poisson  processes;  3.  Observation  of  dead- time-modified  photocounting 
distributions  for  modulated  laser  radiation;  4.  Information,  error, 
and  imaging  in  dead-time-perturbed  doubly- stochastic  Poisson  counting 
systems;  and  5.  Photocounting  distributions  for  exponentially 
decaying  sources. 

1.  Optimum  Photon  Detection  with  a Simple  Counting  Processor* 

(M.  C.  Teich,  P.  R.  Prucnal,  G.  Vannucci,  G.  Lachs) 

We  have  shown  that,  for  an  arbitrary  discrete  process  embedded 
in  independent  additive  discrete  noise,  the  classical  binary  detec- 
tion problem  using  a likelihood-ratio  test  reduces  to  a simple 
comparison  of  the  number  of  events  with  a single  threshold.  Only 
a weak  condition  on  the  noise  distribution  is  required.  Our  results 
are  appropriate  for  the  analysis  of  photocounting  optical  communica- 
tions and  photocounting  radar  systems. 

Let  hypothesis  "zero”  (Hq)  represent  the  situation  in  which  no 
light  is  transmitted  (noise  only)  and  hypothesis  "one"  (H^^)  represent 
the  transmission  of  a pulse  of  light  of  specified  characteristics 
(signal  plus  noise) . We  wish  to  determine  the  optimum  rule  for 
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deciding  which  hypothesis  is  true  on  the  basis  of  a single  observa- 
tion. This  is  a simple  binary  hypothesis-testing  problem.  It  is 
often  convenient  to  use  the  Neyman-Pearson  criterion,  which  maximizes 
the  probability  of  detection  with  the  probability  of  false  alarm  . 
Pp  constrained  to  a particular  value  a.  The  general  solution 

(2 ) 

IS  most  readily  obtained  using  the  method  of  Lagrange  multipliers 
and  yields  the  well-known  likelihood-ratio  test 


A (n) 


P(n|  Hj^) 

P(n|HQ) 


A, 


(1) 


where  A (n)  represents  the  likelihood  ratio,  p(n(H^)  is  the  probability 
of  obtaining  n counts  given  that  is  true,  and  X is  the  threshold. 
The  constraint  Pp  = a is  satisfied  by  choosing  X appropriately. 

It  should  be  noted  that  our  results  are  also  valid  for  other  criteria 
that  lead  to  the  likelihood-ratio  test  (e.g. , Bayes) . 

Equation  (1)  indicates  that  optimum  processing  can  be  implemented 
by  using  the  received  data  n to  compute  A(n),  which  is  then  compared 
with  X,  indicating  which  decision  is  appropriate.  In  its  existing 
form,  the  calculation  of  A(n)  may  be  rather  involved.  However, 
processing  of  the  received  data  n can  be  greatly  simplified  if  A(n) 
is  a monotonic  nondecreasing  function  of  n. 

We  use  the  notation  Pg(n)  to  represent  the  arbitrary  (discrete) 
signal  counting  distribution,  and  Pjj(n)  to  represent  the  (discrete) 
noise  counting  distribution,  where  n is  a nonnegative  integer.  The 
signal  and  noise  processes  are  assumed  to  be  independent  and  additive, 
so  that  the  overall  distribution  resulting  from  signal  plus  noise 
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« individual  signal  and  noise 

is  simply  the  convolution  sum  of  th 

• j /«  /T  dsirlc  nois©) 

distributions.  The  noise  we  consider  (e.g. 

assumed  not  to  interfere  with  the  signal,  interfering  superpose 

radiation'^’  is  accounted  for  in  the  statistics  of  p^.n,.  T e 

j w TPrr  can  then  be  explicitly  written 

likelihood  ratio,  defined  by  Eg.  d) » 


A(n)  -[  I Ps<klPt,lh-w]/PD""- 

k=0 


(2) 


Though  it  is  possible  to  deal  with  the  noise  in  the  discrete 
fup„  given  above,  it  is  somewhat  easier  to  consider  a continuous 
extension  of  the  noise  statistics.  Let  f„(w,  be  a continuous^exten- 
sionofPn(n)  obtained  by  the  substitutions  x = n and  r(x  tl) 

With  X real  and  nonnegative,  so  that  fp(n)  - for  n 

(other  continuous  extensions  are  also  po  ' a f (xl 

we  have  been  able  to  demonstrate  that  if  the  logarithm  of  f,(x) 

is  concave  downward,  i.e.,  if 


d^llog  fp(x)]dx^  1 0, 


(3) 


(1) 


then  the  llKelihood  ratio  A(n)  is  monotonic  nondecreasing 
rhis  condition  is  sufficient  but  not  necessary.  The  SKinotonicity 

ca  inteoer  n^.  such  that  the  test 
a unique  incegei  ^ 

H, 


>1 
n-  n^ 


(4) 
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is  equivalent  to  the  test  specified  in  Eq.  (1).  Therefore,  if  the 
condition  of  Eq.  (3)  is  satisfied,  optimum  processing  can  be  im- 
plemented by  the  simple  test  given  in  Eq.  (4),  which  defines  a simple 
counting  processor.  Here  n is  called  a proper  decision  variable. 
Thus,  in  contrast  to  the  usual  ad  hoc  procedures  that  can  become 
rather  cumbersome  for  complex  signal  distributions,  Eq.  (3)  provides 
a standard  sufficiency  condition,  independent  of  the  signal  distribu- 
tion, for  determining  whether  n is  a proper  decision  variable. 

Let  us  now  consider  specific  signal  and  noise  statistics  for 
a simple  laser  radar  experiment.  In  the  simplest  case  where  speckle 
is  important,  the  signal  distribution  arising  from  the  presence  of 
the  stimulus  alone  is  given  approximately  by  the  negative  binomial 
photon-counting  distribution, 


Ps{n) 


^ r(n  + M)  ( , 
nlr(M)  \ 


(Hq)  -M 

M ) 


(5) 


Here  Pjj(n)  represents  the  probability  that  exactly  n photons  are 

detected  during  the  sampling  time  T,  and  (n^)  represents  the  mean 

number  of  quanta  (or  mean  light  energy  in  units  of  hv)  detected 

in  this  time.  The  parameter  M is  the  number  of  modes  (Mil);  it 

contains  information  relative  to  the  spatiotemporal  coherence  and 

polarization  properties  of  the  light,  the  flash  duration  and  area, 

(7) 

and  the  detector  integration  time  and  area. 

We  assume  that  the  noise  distribution  is  Poisson  with  mean 


<"d> 


(6)  (8) 
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Pp(n)  = pChIHq)  = exp(“<nj^>)/n;; 


(6) 


other  noise  distributions  can  be  dealt  with  as  easily. 

Using  Eqs.  (2),  (5),  (6),  and  some  rather  complex  algebra,  we 

can  demonstrate  by  means  of  a direct  calculation  that  n is  a proper 

decision  variable  in  this  particular  case.  We  can  obtain  the  same 

result  more  simply,  however,  by  dealing  with  the  noise  distribution 

alone  in  the  manner  described  above.  The  continuous  extension  of 

Eg.  (6)  is  fjj(x)  = ®sp  (-<njj>)/r(x  + 1),  x > 0.  Using  the 

2 2 

series  representation  for  d [In  T (x  + 1) ]dx  provided  by  Gradshteyn 
19) 

and  Ryzhik,  we  obtain 

00 

d^[ln  f_(x)]/dx^  = - I (X  n)"^  <0,  (7) 

° n=l 

thereby  satisfying  Eg.  (3) . It  is  important  to  note  that  Eg.  (5) 
for  the  signal  distribution  did  not  enter  our  calculation,  indicating 
the  general  nature  of  our  method.  Thus  the  optimum  processor  for 
chaotic  radiation  embedded  in  Poisson  noise  is  the  remarkably  simple 
counting  processor  given  by  Eg.  (4) 

In  the  presence  of  detector  dead  time,  the  additivity  and 
independence  assumptions  are  not  obeyed,  though  it  intuitively 
seems  that  a similar  simple  counting  processor  ought  to  work.  In 
the  next  interval,  we  will  investigate  the  optimum  dead-time- 
perturbed  processor. 

* This  research  was  also  supported  by  the  National  Science  Foundation 
under  Grant  NSF-ENG75-09325. 
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2.  Effects  of  Rate  Variation  on  the  Counting  Statistics  of 
Dead-Time-Modified  Poisson  Processes* tP 

(G.  Vannucci,  M.  C.  Teich) 

The  probability  distribution  for  a dead- time-modified  pulse 

counter  has  been  studied  by  a number  of  researchers  in  a broad 

variety  of  disciplines  such  as  photon  counting, nuclear 

counting, and  neural  counting. Many  cases  have  been 

studied  in  detail  including  paralyzable  and  nonparalyzable  counting 

under  blocked,  unblocked,  and  equilibrium  conditions.  Attention 

has  also  been  given  to  the  variable  dead  time  case.  Muller  has 

recently  compiled  a comprehensive  bibliography  on  dead  time 
/ 9 ) 

effects,  and  has  summarized  the  results  of  a number  of  authors. (6) (7) 
Though  most  of  the  work  cited  above  is  applicable  only  when  the 
input  to  the  counter  is  a Poisson  point  process  with  constant  rate, 
a few  results  are  also  available  for  the  case  where  the  rate  is  not 
constant.  Cantor  and  Teich,^^^  Teich  and  McGill,  and  Bedard^^^ 

present  expressions  for  the  photon  counting  distribution  when  the 
intensity  of  the  light  is  a random  process,  with  the  sampling  inter- 
val much  smaller  than  the  coherence  time  of  the  light. 

We  have  obtained  general  expressions  for  the  dead-time-modified 
mean  and  variance,  for  a nonparalyzable  counter,  when  the  rate  of 
the  input  process  is  an  arbitrary  function  of  time,  under  the 
constraint  that  it  vary  slowly  with  respect  to  the  duration  of  the 
dead  time. No  constraints  on  the  length  of  the  sampling  interval 
are  imposed.  Of  course,  the  results  also  apply  to  a spatial  dead- 
time-modified  process  under  the  appropriate  conditions.  We  have 
also  explicitly  shown  that  the  counting  efficiency  is  greatest 
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when  the  rate  of  the  input  process  is  constant. 

To  verify  the  validity  of  our  calculations,  we  performed  a 
series  of  photocounting  experiments.  The  source  was  a Spectra- 
Physics  Model  162  Ar"*^  ion  laser  operated  at  514.5  nm.  The  radiation 
was  fed  into  an  acousto-optic  modulator  that  modulated  the  intensity 
of  the  beam  with  a ramp  or  a sinusoid.  The  modulated  radiation 
was  attenuated  sufficiently  for  the  photon  statistics  to  be  observ- 
able and  was  polarized  and  detected  by  an  RCA  8575  photomultiplier 
tube.  The  output  pulses  from  the  anode  of  the  photomultiplier 
tube  were  counted  by  a pulse  counter  with  an  electronically- 
generated  nonparalyzable  dead  time  whose  value  could  be  set  arbitrarily. 

Data  were  taken  for  a ramp  and  for  sinusoidal  modulation  with 
the  following  parameters  (in  both  cases) ; Observation  time  T = 10 
msec,  modulation  depth  m = 1,  counting  rate  Xq  ^ 33  counts/msec, 
and  the  dead  time  x was  varied  from  a minimum  of  6 ys(XQT::0.2) 
to  a maximum  of  1.2  msec  (IqT  40).  At  the  low  end,  x is 
sufficiently  small  so  that  the  theoretical  results  are  expected  to 
be  applicable.  For  the  largest  values  of  x,  however,  we  would 
expect  that  the  experimental  results  should  depart  somewhat  from 
the  predictions.  The  experimentally  measured  values  of  the  mean 
and  variance  of  the  photocounting  distributions  are  presented  in 
Figs.  59  and  60  respectively,  for  both  ramp  and  sinusoidally  modulated 
radiation.  Though  it  is  clear  that  the  data  are  in  good  accord  with 
the  theoretical  curves,  it  is  evident  from  Figs.  59  and  60  that,  as 
expected,  the  experimental  points  depart  somewhat  from  the  theoretical 


Figure  59; 

Counting  efficiency  (n/X^T)  vs  X^x  where  n is  the  observed 
mean  count,  Xq  is  the  average  input  count  rate,  T is  the 
sampling  time,  and  x is  the  dead  time.  Theoretical  curves 
are  for  a Poisson  process  where  the  rate  is  constant  (solid 
curve) , a ramp  (dashed  curve) , and  a sinusoidal  function  of 
time  (dotted  curve) . The  dash-dot  curve  represents  the 
asymptotic  behavior,  which  is  the  same  for  all  three  curves. 

It  is  clear  that  the  efficiency  is  significantly  reduced  when 
the  rate  is  not  constant  (up  to  20%  for  sinusoidal  modulation) . 
Experimental  values  for  the  ramp  (+)  and  sinusoid  (•)  are  in 
good  accord  with  the  theoretical  curves. 
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Figure  60: 

2 

Normalized  dead-time-modif ied  variance  (o  /XqT)  vs  Xqt . 
Theoretical  curves  are  for  a Poisson  process  where  the  rate 
is  constant  (solid  curve) , a ramp  (dashed  curve) , and  a 
sinusoidal  function  of  time  (dotted  curve) . Note  that  the 
curves  as  well  as  the  asymptotic  behavior  are  significantly 
different.  Experimental  values  for  the  ramp  (+)  and  sinusoid 
(•)  are  in  good  accord  with  the  theoretical  curves. 
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predictions  for  the  largest  values  of  t. 

It  is  evident  from  the  foregoing  that  when  X (t)  is  not  constant, 
the  statistics  of  the  number  of  pulses  counted  by  a nonparalyzable 
dead-time-counter  in  a given  time  interval  depend  on  more  than  just 
the  statistics  of  the  total  energy  (integrated  rate)  arriving  at 
the  counter  during  that  time.  Thus  these  statistics  cannot,  in 
general,  be  deduced  from  the  statistics  of  the  total  energy  alone 
as  is  the  case  in  the  absence  of  dead  time.  Our  results  clearly 
show  that  the  details  of  the  variation  of  the  rate  during  the 
sampling  interval  must  be  accounted  for  in  order  to  correctly 
evaluate  the  dead-time-modif ied  counting  statistics.  The  particular 
cases  of  the  ramp  and  sinusoidal  modulation  presented  illustrate 
this  point  particularly  well.  This  is  because  the  statistics  of 
the  integrated  rate  are  the  same  for  both  modulation  formats  and 
for  the  no-modulation  case,  yet  the  values  of  the  experimental  and 
the  theoretical  dead-time-modif  ied  mean  and  variance  are  significantly 
different.  These  results  underscore  the  fact  that  existing  formulas 
for  the  dead-time-modif ied  counting  distribution  produced  by  randomly 
fluctuating  light are  valid  only  in  the  limit  where  the 
sampling  interval  is  much  smaller  than  the  coherence  (or  modulation) 
time  of  the  light,  and  cannot  be  extended  in  any  simple  way  to  cases 
outside  that  limit. 

We  have  obtained  the  dead-time-modified  mean  and  variance 
when  the  rate  is  a )<nown  function  of  time.  Kilckawa  et  al.^^®^  have 
calculated  the  efficiency  of  a dead-time  photon  counter  with 
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Gaussian-Lorentzian  light  (stochastic  rate  variation) . Their 
results  are  not  of  use,  however,  since  they  are  only  valid  in  the 
limit  where  the  correlation  time  is  much  smaller  than  the  mean 
time  interval  between  pulses  (see  remarks  following  Eq.  (10)  in  Ref. 
10) . In  the  next  interval  we  shall  attempt  to  derive  expressions 
for  the  dead- time-modified  mean  and  variance  in  the  general  case 
where  the  rate  is  a stochastic  process,  and  to  experimentally  test 
these  results.  The  work  reported  in  the  next  two  subsections 
complements  that  reported  here. 
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3.  Observation  of  Dead-Time-Modif ied  Photocounting  Distributions 
for  Modulated  Laser  Radiation* 

(M.  C.  Teich,  G.  Vannucci) 

The  photocounting  statistics  for  intensity-modulated  radiation 
have  been  investigated  by  a number  of  workers. 

In  particular,  theoretical  results  for  various  periodic  modulation 

formats  (square-wave,  triangular,  and  sinusoidal)  have  been  obtained 

(4)  (5) 

by  Diament  and  Teich  for  arbitrary  modulation  depth  and  short 

sampling  times.  There  have  been  few  experimental  measurements  of 
these  counting  statistics,  however,  though  some  time  ago  Teich 
and  Diament  observed  the  flat  gamma-ray  counting  distribution 
resulting  from  a linearly  swept  mean.^^^^^®^  For  an  unmodulated 
(Poisson)  source,  the  effect  of  detector  dead  time  on  the  counting 
statistics  has  also  been  studied  extensively,  primarily  in  the 
context  of  nuclear  particle  counting  and  neural  pulse  counting. 

(12)  (13)  (14)  presence  of  intensity  modulation,  the  theoretical 

dead-time-modified  counting  statistics  have  been  obtained  only  under 
the  special  conditions  of  a nonparalyzable  counter  with  a sampling 
time  short  in  comparison  with  the  fluctuation  time  of  the 
source. A particularly  useful  form  for  this  distribu- 
tion has  been  presented  by  Cantor  and  Teich. 

We  have  performed  a series  of  experiments  that  verify  the 

full  theoretical  photocounting  distributions  for  triangular  and 

(5) 

sinusoidal  modulation  given  by  Diament  and  Teich,  and  the  full 
nonparalyzable-dead-time-modif ied  versions  of  these  formulas 


obtained  using  the  method  suggested  by  Cantor  and  Teich. 
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(16) 


The 


light  source  was  a Spectra-Physics  Model  162  Ar^  ion  laser^^®^ 
operated  at  514.5  nm.  The  radiation  was  fed  into  an  acousto-optic 
modulator  that  modulated  the  intensity  of  the  beam  with  a triangular 
wave  or  a sinusoid.  The  modulated  radiation  was  attenuated  suffi- 
ciently for  the  photocounting  statistics  to  be  observable  and  was 
polarized  and  detected  by  an  RCA  Type  8575  photomultiplier  tube. 

The  output  pulses  from  the  anode  of  the  photomultipler  tube  were 
counted  by  an  (unblocked)  pulse  counter  with  an  electronically 
generated  nonparalyzable  dead  time  whose  value  could  be  set  arbitrarily. 

Data  were  taken  for  triangular  and  sinusoidal  modulation  for 
various  combinations  of  values  of  the  modulation  depth  m and  the 
dead-time  ratio  x/T.  Other  experimental  parameters  were  the  period 
of  the  wave  = 1 s,  the  sampling  interval  T = 1 ms,  and  the 
number  of  observation  samples  N =10^.  These  parameters  were  the 
same  for  all  sets  of  data,  except  where  explicitly  indicated  in  the 
figure  captions. 

Representative  examples  of  the  experimental  data  (data  points 
indicated  byD,  A,  X,  +)  as  well  as  the  theoretical  counting 
distributions  for  the  same  parameters  (solid  curves)  are  presented 
in  Figs.  61,62,63.  Figures  61  and  62  provide  results  for  sinusoidal 
and  triangular  modulation,  respectively,  in  the  absence  of  dead 
time.  The  modulation  depth  is  varied  parametrically.  The  more 
general  case  of  triangular  modulation  in  the  presence  of  non- 
paralyzable dead  time  is  presented  in  Fig. 63* 

In  examining  the  figures,  it  is  clear  that  the  theory  is  in 
excellent  agreement  with  all  of  the  experimental  data.  It  is  also 
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Figure  61 : 

Theoretical  counting  distributions  ( solid  curves)  and 
experimental  data  for  sinusoidally  modulated  radiation  in  the 
absence  of  dead  time  (t/T  = 0) . The  modulation  depth  m takes 
on  3 values:  m = 0 (X),  m = 0.75  (A,  Tj^  - 5s,  T 10  ms, 

N = 50000),  and  m = 1.0  (0,  = 5s,  T = 10  ms,  N = 50000). 

The  mean  count  is  approximately  the  same  for  all  3 distributions 

(<n>  = 17) . 
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Figure  62; 

Theoretical  counting  distributions  (solid  curves)  and 
experimental  data  for  triangularly  modulated  radiation  in  the 
absence  of  dead  time  (t/T  = 0).  The  modulation  depth  m takes  on 
3 values:  m = 0 (A),  m = 0.74  (Q,  N = 200000),  and  m = 0.99 
(X,  N = 200000) . The  mean  count  is  approximately  the  same 
for  all  3 distributions  (<n>  « 15).  Note  the  flat  counting 
distribution  [see  Refs.  4,5  and  10]  obtained  when  m 1. 
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Figure  63: 


Theoretical  nonparalyzable-dead-time-modif ied  counting 
distributions  (solid  curves)  and  experimental  data  for  triangularly 
modulated  radiation  (m  s 1) . The  dead-time  ratio  takes  on 
4 values:  x/T  = 0 (+,  N = 200000),  x/T  = 0.02  (X,  N = 200000), 
x/T  = 0.05  (A),  and  x/T  « 0.1  (O) . The  unmodified  mean  count 
is  approximately  the  same  for  all  4 distributions  {<n>  » 15) . 
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apparent  that  modulation  broadens  the  counting  distributions  (see 
Figs.  61  and  62) ; this  is  interpretable  as  accentuated  photon  bunching. 
Dead  time,  on  the  other  hand,  decreases  both  the  mean  and  variance 
of  the  counting  distribution  as  well  as  the  variance- to-mean 
ratio  (see  Fig.  63)  corresponding  to  a loss  of  counts  and  to  count 
antibunching.  The  dead-time-modified  counting  distributions  converge 
to  the  unmodified  distributions  for  low  count  numbers  n where  dead- 
time effects  are  least  important. 

We  have  also  obtained  a new  theoretical  result  for  the  paralyz- 
able-dead-time-modified  counting  distribution  for  intensity- 
modulated  radiation  and  short  sampling  times.  In  practice,  the 
discriminator  following  the  photodetector  often  provides  a major 
contribution  to  dead  time  so  that  the  detailed  structure  of  the 
system  is  important  in  determining  which  formulas  should  be  used. 

A thorough  investigation  of  the  theoretical  and  experimental 
counting  distributions  briefly  described  here  has  been  completed, 
and  a manuscript  has  been  prepared  and  submitted  for  publication. 

The  theoretical  and  experimental  results  for  the  dead-time-modif ied 
count  mean  and  variance  reported  in  the  preceding  subsection 
complement  the  results  presented  here.  In  the  following  subsection, 
we  use  the  nonparalyzable-dead-time  formulas  discussed  here  to 
investigate  likelihood-ratio  detection,  channel  capacity,  and 
maximum-likelihood  image  estimation  in  dead-time-modified  doubly- 
stochastic  Poisson  counting  systems. 
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(M.  C.  Teich,  B.  I.  Cantor) 


In  the  past  decade,  there  has  been  a considerable  effort 

devoted  to  the  analysis  of  systems  that  convert  a continuous  source 

variable  into  a discrete  counting  process.  Perhaps  the  earliest  study 

of  this  kind  was  carried  out  in  1920  by  Greenwood  and  Yule, who 

in  the  course  of  studying  the  industrial  accident  rate  in  a British 

munitions  factory,  considered  the  Poisson  transform  of  a probability 

density  function  specifying  individual  proneness  to  accident.  Though 

much  of  the  subsequent  work  on  these  compound  or  doubly-stochastic 

Poisson  processes,  as  they  are  now  called,  has  specifically  dealt 

with  the  photon  counting  detection  of  light  in  a fixed  time  interval, 

(2)  (3) 

first  considered  by  Purcell  and  Mandel,  the  formalism  has  also 
been  applied  to  neural  counting  by  McGill. Teich  and  McGill^^^ 
recently  demonstrated  that  McGill's  neural  counting  model  and  Mandel 's 
semiclassical  photon  counting  description are  in  fact  identical 
from  a mathematical  point  of  view  and  can  be  formally  represented  in 
terms  of  Greenwood  and  Yule's  compound  Poisson  distribution.  This 
equivalence  was  explicitly  demonstrated  for  McGill's  noncentral 
negative  binomial  distribution  and  Perina ' s multimode  confluent 
hypergeometric  distribution  for  a coherent  signal  embedded  in 
chaotic  noise  (an  excellent  approximation  for  the  radiation  from  an 
amplitude-stabilized  single-mode  laser  operated  well  above  the  thres- 
hold of  oscillation) . For  all  of  these  problems,  the  underlying 
Poisson  behavior  can  arise  from  the  occurrence  of  independent 


/ p ) 

events  ' or  from  the  superposition  of  a large  number  of  arbitrary 
stochastic  point  processes. 

I For  an  optical  system,  forward  photon  counting  distributions 

have  been  studied  from  both  a quantum-mechanical and 
a semiclassical point  of  view  for  a broad  range  of  incident 
I field  statistics and  modulation  formats. (Recently, 

increasing  consideration  has  been  given  to  the  doubly-stochastic 

• Poisson  process  where  attention  is  directed  to  the  more  general 

f photoelectron  arrival  times rather  than  to  their  number  in 

^ a fixed  time  interval  as  considered  here.)  Calculations  for  direct- 

(22-31) 

I detection  likelihood-ratio  receiver  performance  and  informa- 

* (32—36) 

I tion  rate'  ' have  also  been  carried  out  by  a number  of  researchers. 

[ One  factor  that  can  substantially  impair  the  performance  of 

I 

this  kind  of  counting  system  - - particularly  at  high  data  rates  — 

t 

■ is  dead  time.  Fortunately,  the  nonparalyzable-dead-time-perturbed 

problem  can  be  treated  rather  easily  from  a mathematical  point  of 

(37) 

view  since  Cantor  and  Teich  have  obtained  a closed-form  ex- 

. pression  for  the  dead-time-modified  counting  distribution  for 

a doubly-stochastic  Poisson  counting  process.  The  special  case  of 
the  dead-time-modified  simple  Poisson  distribution  had  been 
previously  dealt  with  extensively  by  researchers  working  in  nuclear 
counting and  neural  counting. In  both  cases,  the 
modified  distribution  is  simply  expressible  in  terms  of  the  un- 
modified  distribution  and  the  dead-time  ratio  t/T,  where  x is 
the  dead  time  and  T is  the  sampling  time.  Even  small  values  of 


r 
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( 37) 

t/T  {~0.01)  alter  the  distribution  markedly  so  that  dead-time 


effects  cannot  in  general  be  neglected.  In  the  preceding  sub- 
section, we  presented  experimental  verification  of  Diament 
and  Teich's^^^  theoretical  photon  counting  distributions  for 

triangularly  and  sinusoidally  modulated  laser  radiation  and  of  Cantor 
and  Teich's^^^^  nonparalyzable-dead-time-modif ied  versions  of  these 
formulas. 

In  this  subsection,  we  consider  likelihood-ratio  detection, 
information  transmission,  and  image  detection  in  the  presence  of 
such  fixed  nonparalyzable  dead  time.  In  the  counting  system  we 
consider,  the  source  is  deterministically  or  stochastically  modulated 
(see  Fig.  64) . The  input  u to  the  detector  is  the  binary-gated 
modulated  signal,  and  its  output  v^^  is  the  number  of  counts  registered 
in  the  fixed  sampling  time  interval  T.  The  output  of  the  likelihood- 
ratio  test  V2  is  a random  variable  with  value  1 or  0 depending 
on  the  decision.  Noise  arising  from  background  and  dark  effects 
is  considered  to  give  rise  to  a dead-time-modif ied  Poisson 
counting  distribution  (this  may  come  about  from  a backgound  that 
exhibits  no  intrinsic  fluctuations,  or  from  a background  that 
is  independent,  noninterfering,  and  additive  with  the  signal, 
but  fluctuates  sufficiently  rapidly  such  that  its  fluctuation  time 
Tn<<T) . Though  the  Poisson  condition  for  the  background  is  quite 
generally  obeyed,  an  arbitrary  noise  process  can  be  treated  within 
our  framework  at  the  price  of  increased  complexity. 

The  relevant  counting  distributions  were  considered  in  the 
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Block  diagram  of  the  binary-gated  dead- time-modified  likelihood-ratio  counting 


previous  subsection. .Using  the  likelihood-ratio  test  for  an 

on-off  system  (nonorthogonal  signaling  format)  such  as  that  shown 
(22-31) 

in  Fig.  64,  ' the  decision  threshold  n^  is  determined  by  the 

minimxam  count  number  n satisfying  the  condition 

Ps+H^”'  t/T)/PH(n,  t/T)  > A,  (1) 

where  Po.„{n,  t/T)  and  p„(n,  t/T)  are  the  counting  distributions 
b+H  n 

for  signal  plus  noise  and  for  noise  alone,  respectively,  and  A is 

the  decision  level.  This  result  assumes  the  existence  of  a single 

(25) 

decision  threshold.  For  simplicity,  we  assume  a Bayes  criterion 

with  equal  costs  so  that  A=(l-Q)/Q,  where  Q is  the  a priori 
probability  that  the  signal  is  present.  Maximum-likelihood  detec- 
tion is  associated  with  A=1  (Q«0.5).  In  order  to  construct  the 
receiver  operating  characteristic  (ROC) , we  write  the  probability 
of  detection  and  the  probability  of  false  alarm  in  terms  of 
the  parameter  n^  as 

00 

n=nD 

and 

00 

Pf  = I Ph^"' 

n=nD 

The  ROC  curve  is  a plot  of  P^  vs  P^  as  the  decision  threshold  n^ 
varies  from  0 to  «. 
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In  Fig.  65,  we  present  ROC  curves  corresponding  to  an 
unmodulated  (m=0)  amplitude- stabilized  signal  in  the  presence  of 
a steady  background  (Poisson  counts) . The  solid  curve  corresponds 
to  a detector  with  zero  dead  time,  whereas  the  dashed  curve  corres- 
ponds to  a ratio  of  dead  time  to  sampling 'time  t/T  = 0.02  and  the 
dotted  curve  to  x/T  = 0.05.  The  unmodified  (fixed)  signal  level 

<n„>=A„T=5  and  the  unmodified  noise  level  <n-,>=X„T=20  for  all  curves, 
o o n n 

The  effect  of  the  dead  time  is  to  decrease  the  probability  of 
detection  at  a fixed  false  alarm  rate  (constant  P^) . The  small 
signal  level  X„T  = 5 was  used  in  order  to  clearly  illustrate 

O 

this  effect  graphically.  It  is  important  to  note  that  although 
continuous  curves,  are  drawn  in  Fig.  65,  the  ROC  is  defined  only  at 
discrete  points.  This  is  because  the  decision  threshold  nj^  takes 
on  only  integer  values. ' ' 

In  terms  of  the  parameter  n^,  the  total  probability  of  error 


P is 
e 


P^  = Q[1  - I t/T)]  + (1-Q)  I p (n,  t/T)  (4) 


Selecting  nj^  in  accordance  with  Eq.  (1)  for  maximum-likelihood 
detection  (A=l) , the  total  probability  of  error  for  an  amplitude- 
stabilized  source  in  the  presence  of  triangular  modulation  is 
presented  in  Fig.  66  as  a function  of  the  unmodified  mean  signal 
level  XgT.  The  solid  curves  correspond  to  a detector  with  zero 
dead  time,  while  the  dashed  curves  correspond  to  the  ratio  x/T  = 0.02 
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Figure  65 


245 


Figure  66; 

Probability  of  error  (P^)  versus  unmodified  mean  signal  level 

(X_T)  for  a triangularly  modulated  amplitude-stabilized  signal 

in  the  absence  of  dead  time  (solid  curves)  and  with  a dead- time 

ratio  t/T  = 0.02  (dashed  curves).  The  unmodified  (steady)  noise 

level  X„T  is  20  for  the  upper  pair  of  curves  and  10  for  the  lower 
H 

pair.  The  signal  modulation  depth  m = 0.5  and  the  a priori 
probability  Q = 0.5  for  all  curves. 
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in  all  cases.  The  modulation  depth  m is  0.5  and  the  unmodified  noise 

level  X„T  is  20  for  the  upper  pair  of  curves  and  10  for  the  lower 
n 

pair. 

Whereas  the  probability  of  error  and  the  ROC  specify  receiver 

performance,  the  rate  of  information  transmission  is  governed  by 

(42-44 ) 

average  mutual  information  and  the  channel  capacity. 

In  Fig.  67  we  present  the  mutual  information  I(U;V)  as  a function 

of  the  a priori  signal  probability  Q.  The  solid  curves  refer  to 

the  simple  counting  receiver  without  the  likelihood-ratio  test, 

whereas  the  dashed  curves  represent  the  likelihood-ratio  counting 

receiver  (see  Fig.  64).  The  dead-time  ratio  takes  on  several 

values  as  shown,  viz.,  t/T  = 0,  0.05,  and  0.1.  The  source  is  an 

amplitude-stabilized  unmodulated  signal  (m=0)  with  unmodified  signal 

mean  A_T  = 15,  and  the  unmodified  noise  mean  is  X„T  =10.  We  have 
S n 

ascertained  that  the  channel  capacity  decreases  with  decreasing 
signal  mean,  increasing  modulation  depth,  and  increasing  dead  time 
(see  Fig.  67  ) . Note  that  the  peak  mutual  information  occurs  at 
or  near  Q = 0.5  in  all  cases. 

An  obvious  distinction  between  the  -two  types  of  receiver  is 
that  the  likelihood-ratio  receiver  exhibits  discontinuities  in  the 
I(U;V)  vs  Q curves.  This  is  because  of  the  discrete  nature  of  the 
decision  threshold  which  jumps  from  one  integer  to  the  next  at 
certain  vaules  of  Q,  as  Q varies.  The  likelihood-ratio  receiver 
yields  a lower  capacity  than  the  simple  counting  receiver  in  all 
cases.  Since  both  the  input  and  output  take  on  the  values  of 
0 and  1 only  vrith  the  binary  counting  likelihood-ratio  receiver. 
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Figure  67 : 


Average  mutual  information  I(U;V)  versus  a priori  signal 
probability  Q for  a simple  counting  receiver  (solid  curves) 
and  for  a maximum-likelihood  counting  receiver  (dashed  curves) 
with  the  dead-time  ratio  t/T  as  a parameter.  X_T  = 15, 

XjjT  = 10,  and  m = 0 for  all  cases.  Curves  are  shown  for 
t/T  = 0,  0.05,  and  0.1  as  indicated.  The  peak  of  each  curve 
represents  the  channel  capacity. 
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it  may  be  considered  as  an  asymmetrical  binary  channel  with  varying 
error  transition  probability.  Thus  it  is  expected  that  the  channel 
capacity  will  not  exceed  1. 

The  use  of  an  unperturbed  counting  array  to  detect  a received 

(45-48) 

image  has  been  investigated  by  a number  of  authors.  One 

technique is  to  obtain  a maximum-likelihood  estimate  (MLE)  of 

the  mean  rate  at  each  detector  in  the  array.  We  have  developed  an 

elementary  maximum-likelihood  estimation  scheme  in  the  presence  of 

detector  dead  time.  For  an  image  illuminated  by  a signal  that  is 

constant  in  time  (or  by  a source  with  degeneracy  parameter <<1) , 

Poisson  counting  will  be  observed  at  each  detector  in  the  absence  of 

dead  time.  We  assume  that  the  statistics  at  each  detector  in 

the  array  are  independent. 

(49) 

After  some  algebra,  it  can  be  shown  that  the  maximum- 

likelihood  estimate  is  the  solution  of  the  transcendental  equation 

SMjtj 

^MLE  ^ “ nt  [T-(n-l)T]”/[T-nT]"‘*’^,  n<T/T  . (5) 

Eq.  (5)  can  be  solved  by  an  application  of  Newton's  method  to 
yield  a value  for  desired  accuracy.  In  the  limit  as 

t/T  ->■0,  Eq.  (5)  reduces  to  the  zero-dead- time  result  obtained  for 
a single  sampling, i. e. , 

^MLE  “ 

An  approximate  closed  form  solution  for  has  been  obtained  in 
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t 

the  two  limiting  cases  1 

mij£«  M1j£«  rlAju 

^MLE^  ■"  ^MLe""'  ^MLE  obtained  as  the 

solution  to  the  quadratic  equation 

^MLe”^  ^^■‘■^MLe’^^  = nt  [T-(n-l)T]"/[T-nT]"''‘^.  (7) 

For  the  opposite  limiting  case,  we  take  the  natural  logarithm  of 
Eq.  (5)  yielding 

'''  ^MLE^  ” ln{nT[T-n-l)Tl”/[T-nT]’^'''^};  (8) 

for  X.„„T  >>  In  A.„„t  (which  is  valid  for  X,„_t>30),  the  solution  is 
niit  ML£  MLri 

^MLE  ~ ^ ^ln{nT  [T-(n-l)T]”/[T-nT]"'''^}.  (9) 

We  have  also  obtained  the  statistical  confidence  level  of  the 
maximum  likelihood  estimate. 

With  our  confidence  inspired  by  the  experimental  results  reported 

in  the  two  preceding  subsections,  we  have  been  able  to  carry  out 

a rather  complete  theoretical  investigation  of  dead-time-perturbed 

information  transmission,  error,  and  imaging  in  this  reporting 

period.  A manuscript  has  been  prepared  and  submitted  for  publica- 
(49) 

tion.  It  appears  that,  at  least  in  some  ways,  the  deleterious 

effects  of  detector  dead  time  on  system  performance  may  not  be  as 
severe  as  anticipated.  In  the  next  interval  we  expect  to  evaluate 
some  of  these  effects  more  carefully  for  a simple  but  practical 
system:  Poisson  signal  in  Poisson  noise. 
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5.  Photocountinq  Distributions  for  Exponentially  Decaying  Sources 

(M.  C.  Teich,  H.  C.  Card) 

Photocounting  distributions  have  been  calculated  for  an 
exponentially  decaying  pulse  of  light  with  a uniformly  distributed 
starting  time  for  the  sampling  interval  (in  the  absence  of  dead  time) . 
The  probability  of  registering  n counts  in  the  fixed  sampling  interval 
T is  expressible  in  terms  of  the  incomplete  gamma  function  for 
count  numbers  n>l  and  in  terms  of  the  exponential  integral  for  n=0. 

The  results  may  be  expected  to  find  use  in  experiments  concerned  with 
spontaneous  emission  and  with  radioactive  decay.  This  work  is  essen- 
tially complete  and  a manuscript  detailing  the  theoretical  calcula- 
tions is  in  preparation. 
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IV.  PHYSICAL  EFFECTS  OF  ELECTRONIC  MATERIALS  ; 

i 

A.  CARRIER  TRANSPORT  ACROSS  SEMICONDUCTOR  INTERFACES 

1.  MIS-Schottky  Barrier  Quantum  Detectors* 

(H.  C.  Card,  K.  K.  Ng,  M.  C.  Teich,  E.  S.  Yang) 

This  project  (as  well  as  those  described  in  parts  1 
and  2)  was  initiated  in  April  1977,  and  we  report  here  the 
progress  during  the  first  interval.  The  purpose  of  this  work 
is  to  understand  the  basic  electronic  and  optical  mechanisms 
of  Schottky  barrier  or  MIS-Schottky  barrier  quantum  detec- 
tors operating  over  the  infrared  and  visible  spectrum.  We 
are  also  developing  some  new  detection  modes  which  extend 
either  the  sensitivity  or  the  useful  wavelength  range  of  MIS 
detectors  made  with  a given  semiconductor  material.  The 
carrier  transport  in  these  device  structures  is  tunneling  of 
majority  or  minority  carriers.  The  principal  applications  of 
the  present  work  is  to  optical  communications,  primarily  by 
guided  fiber  optic  channel.  This  work  is  described  in  the 
following  subsections:  a.  Properties  of  Ultra-Thin  Oxide 
Layers,  b.  Photocurrent  Suppression  and  Interface  State  Re- 
combination, and  c.  Low-Voltage  Photomultiplication. 

a.  Properties  of  Ultra-Thin  Oxide  Layers 

In  order  to  characterize  the  MIS-Schottky  barrier  detec- 
tors used  in  this  work,  we  have  initiated  a program  to  deve- 
lop a reliable  technology  of  ultra-thin  oxide  layers  and  to 
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study  the  electrical  and  optical  properties  of  these  layers 
in  a completed  device.  We  have  recently  obtained  ellipsometry 
facilities  which  enable  us  to  measure  precisely  oxide  thick- 
ness, and  their  variation  across  a sample,  with  < 1%  error 
for  thickness  range  of  interest  (0  - 50  A ) in  tunneling-domi- 
nated devices.  (Thickness  and  optical  constants  of  considerably 
thicker  dielectric  layers  can  also  be  measured  with  these 
facilities,  which  determine  the  change  in  the  state  of  pol- 
arization of  laser  light  due  to  reflection  from  an  oxide-cov- 
ered silicon  surface) . We  are  presently  examining  several 
methods  of  oxide  growth  in  an  effort  to  determine  reliability 
and  reproducibility  of  oxide  parameters. 

(1-3) 

Beginning  with  a technology  developed  in  earlier  work 
for  ultra-thin  oxides  we  have  also,  during  this  interval,  con- 
ducted experimental  investigations  of  the  characteristics  of 
completed  MIS-Schottky  barrier  detectors.  These  devices  are 
as  shown  in  Fig.  68.  The  structure  is  a Au-Si02-Si' sandwich 
with  a Au  thickness  of  = 80-100  A chosen  to  optimize  the  op- 
tical transparency  and  electrical  resistance  of  the  contact. 

The  oxides  were  grown  by  the  thermal  oxidation  of  silicon  in 
dry  O2  at  a temperature  of  700-800°C  (see  Fig.  69). 

A parameter  of  central  importance  in  detectors  of  this 
nature  is  the  Schottky  barrier  height  shown  in  Fig.  68, 

and  the  dependence  of  this  parameter  on  the  oxide  thickness 
is  given  in  Fig.  70  for  the  Au-Si02-Si  system.  The  decrease 
in  with  oxide  thickness  6 is  due  primarily  to  the  buildup 
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Figure  68 

Schematic  structure  of  the  MIS-Schottky  barrier  (a)  and  the 
energy  band  diagreun  under  thermal  equilibrium  (b) . 


Oxidation  in  100%  O2  (dry)  atmosphere 


Figure  69:  Si02  growth  rates  on  (111)  Si  at  high  temperatures  in 
dry  oxygen,  and  at  room  temperature  in  air. 


of  positive  charge  in  the  oxide,  and  this  charge  is  expected 
to  be  strongly  influenced  by  the  oxide  growth  technology. 

These  devices  are  intended  mainly  for  optical  fiber  communi- 
cations in  the  wavelength  range  from  0.4  to  1.1  y,  i.e.  in 
a capacity  presently  filled  by  silicon  p-i-n  or  avalanche 
p-n  junction  photodiodes.  In  the  normal  mode  of  operation, 
the  incident  radiation  induces  band  to  band  transitions  in 
the  silicon.  We  are  presently  beginning  studies  similar  to 
these  with  germanium  Schottky  barrier  detectors  which  will 
extend  the  range  of  useable  wavelengths  to  = 1.5  y in  the 
same  mode  (band  to  band  transitions  in  the  semiconductor) . 

This  extension  to  longer  wavelengths  is  in  keeping  with  the 

(5) 

recent  developments  with  optical  fiber  technology. 

It  is  also  possible  to  operate  these  devices  in  alter- 
native detection  modes.  One  such  mode  is  dicussed  in  part  (c) 
of  this  report,  which  results  in  increased  sensitivity  over 
the  same  wavelength  range  (0.4  to  1.1  y with  Si  detectors). 

In  applications  where  extension  to  longer  wavelengths  is 
necessary,  one  can  make  use  in  the  present  devices  of  optical 
excitation  of  electrons  in  the  metal  over  the  Schottky  barrier 
into  the  silicon  conduction  band.  This  has  been  done  with 
ideal  Schottky  barrier  detectors (no  oxide  layers),  but 
the  present  results  suggest  extension  to  even  longer  wave- 
lengths due  to  the  reduction  in  Fig.  70  of  with  6.  In 
particular,  for  S - 25  k,  = 0.5  eV  for  Au-Si02-Si  devices 

so  that  operation  in  this  mode  can  extend  the  region  of  use-  , i 

j 

5 

i 

» 
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able  wavelengths  to  more  than  2 y.  The  metal  thickness  for 
devices  operating  in  this  mode  must  be  considerably  greater 
than  in  the  above  case,  so  that  the  bulk  of  the  optical  ra- 
diation is  absorbed  in  the  metal.  It  must  be  thin  enough 
that  the  photo-excited  electrons  in  the  metal  are  able  to 
reach  the  junction  without  being  scattered,  the  optimum 
thickness  being  = 200  - 300  A . 

In  the  MIS-Schottky  barrier  the  probability  of  electron 
tunneling  between  the  metal  and  semiconductor  is  proportional 

k 

to  exp(-x  6)  where  x is  the  averaged  potential  barrier  of  the 
oxide  to  electrons  with  energy  equal  to  the  conduction  band 
edge  at  the  semiconductor  surface.  Experimental  values  of 

k 

X 6 vs.  6 are  shown  in  Fig.  70  . The  dark  current  for  the 
MIS-Schottky  barriers  studied  here  is  a majority-carrier  cur- 
rent given  by^^^ 

J = AT^exp( j^)exp  (-x^6)  [exp  - 1]  (1) 

where  A is  the  Richardson  constant,  T is  the  absolute  tem- 
perature in  °K,  and  V is  the  applied  voltage. 

Note  that  while  x^6  increases  with  oxide  thickness  6, 
the  dark  saturation  current  in  reverse  bias  may  still  in- 
crease with  6 due  to  the  decrease  in  This  would  result 

in  a larger  shot  noise,  with  an  accompanying  increase  in  the 
noise  equivalent  power  of  the  detector.  Contributions  to 
the  noise  from  recombination-generation  processes  in  inter- 


263 


■M 


face  states  have  yet  to  be  determined  for  the  present  detec- 
tors, but  are  expected  to  be  restricted  to  low  frequencies. 

The  results  of  Figs.  69  and  70  pertain  to  dry  oxides  grown  at 
700°C,  and  the  magnitude  and  variability  (+  20%)  of  n 

/ t 

/■  and  X 6 for  a given  6 are  expected  to  vary  greatly  with  the 
ultra-thin  oxide  technology.  This  is  under  present  study  in 
our  laboratory.  Some  of  the  results  presented  in  this  sec- 
tion have  been  published  by  one  of  us  during  this  interval. 

b.  Photocurrent  Suppression  and  Interface  State  Recombination 

For  a Schottky-barrier  quantum  detector  operating  in 

reverse  bias,  the  usual  mode  is  that  in  which  photogenerated 

minority  carriers  are  collected  by  the  metal.  Ideally,  these 

carriers  should  be  generated  in  the  depletion  region  where 

4 5 -1 

due  to  the  large  electric  fields  (10  - 10  V cm  ) the  car- 

—12  -11 

rier  transit  times  are  short  (10  to  10  sec) . For  inci- 
dent radiation  with  hV  >>  Eg,  the  absorption  coefficient  is 
sufficiently  large  that  all  of  the  photogeneration  occurs  in 
the  depletion  region  and  the  photocurrent  is  independent  of 
reverse  bias. 

In  the  MIS-Schottky  barrier,  however,  the  photocurrent 
is  in  general  a function  of  the  reverse  bias  voltage  due  to 
a suppression  at  low  voltages  of  this  current  by  the  poten- 
tial barrier  of  the  oxide,  and  by  recombination  of  majority 
and  minority  carriers  in  localized  states  at  the  oxide-semi- 
conductor interface.  We  describe  in  this  section  the  experi- 
mental findings  for  silicon  MIS-Schottky  barriers,  in  which 
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photocurrent  suppression  is  found  to  be  important  for  oxide 
thicknesses  ^ 20  A • The  critical  voltage  for  complete  col- 
lection of  the  photogenerated  carriers  (100%  internal  quantum 
efficiency)  is  also  determined  for  devices  with  oxide  thick- 
nesses of  ^ 50  A . 

The  quantum  detectors  to  be  described  here  have  the 
structure  of  Fig.  68,  and  the  dark  characteristics  are  des- 
cribed in  the  previous  section.  The  current-voltage  (J-V) 
characteristics  in  reverse  bias  (negative  voltage  on  metal) 
are  shown  in  Figs.  71  and  72  as  a function  of  illumination 
intensity  with  light  of  greater  than  bandgap  energy.  White 
light  was  used  for  simplicity,  but  monochromatic  radiation 
will  be  necessary  in  evaluating  the  frequency  response.  Fig. 
71  pertains  to  a near-ideal  MIS-Schottky  barrier  detector 
with  no  intentional  oxide  layer,  whereas  Fig.  72  refers  to 
a device  with  an  oxide  thickness  of  35  A . These  results 
show  that  the  photocurrent  for  zero  reverse  bias  (short-cir- 
cuit conditions)  is  not  suppressed  by  the  (unavoidable) 

= 10  A oxide  grown  before  evaporation  of  the  metal  electrode. 
On  the  other  hand,  for  an  MIS  diode  with  d = 35  A (Fig..  72), 
photocurrent  suppression  is  pronounced  for  small  reverse 
voltages.  We  note  that  for  sufficient  reverse  bias  V the 
photocurrent  suppression  effects  are  removed,  such  that  for 
the  same  illumination  level,  the  collected  photocurrent 
is  the  same  for  all  our  oxide  thicknesses  and  equal  to  that 
of  the  near-ideal  diode  of  Fig.  71  . The  magnitude  of  the 
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Figure  71 

Reverse  l-v  characteristics  of  a near-ideal  Schottky  barrier 
-4  represent  progressively  increasing  illumination  levels. 
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CURRENT  DENSITY  J (mA 


REVERSE  BIAS  VOLTAGE  (VOLTS) 


Reverse  I-V  characteristics  of  an  MIS-Schottky  barrier 
(d  “ 35  A) . 1-4  represent  progressively  increasing 

illumination  levels;  these  are  not  the  same  as  in  Fig.  71. 
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CURRENT  DENSITY  J(mA/cm 


threshold  voltage  increases  with  illumination  intensity, 
and  is  also  observed  to  increase  with  oxide  thickness.  More- 
over the  value  of  the  short-circuit  current  density  Jg^  de- 
creases with  oxide  thickness.  The  ratio  ^sc'^'^ph  ® measure 

of  the  photocurrent  suppression,  and  the  experimental  data 

is  shown  in  Fig.  73  for  different  oxide  thicknesses. 

(2 ) 

As  noted  previously,  for  MIS-Schottky  barriers  with 
ultra-thin  oxide  layers  (<  20  A) , interface  states  located 
at  the  silicon/oxide  interface  are  in  equilibrium  with  the 
metal.  This  means  that  for  MIS-Schottky  barrier  photodetec-f 
tors,  when  the  interface  states  capture  an  optically  generated 
hole,  they  release  this  hole  to  the  metal  before  an  electron 
can  be  captured  from  the  conduction  band  to  complete  the  re- 
combination process.  Interface  states  do  not  in  this  case 
constitute  a recombination  current  and  instead,  this  process 
contributes  to  the  collected  photocurrent. 

The  energy  band  diagram  for  V = 0 for  an  MIS-Schottky 
barrier  under  illumination  is  shown  in  Fig.  74  (a) . Photo- 
generated holes  are  supplied  to  the  semiconductor  surface 
by  drift-diffusion  processes  represented  by 


dE 


J = 
P 


P M 


p dx 


(2) 


For  a sufficiently  thin  oxide  (d  < 20  & ) these  holes  are 
readily  removed  by  tunneling  into  the  metal.  Under  these 
conditions  the  photocurrent  collected  obtains  its  maximum 
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Figure  73:  Percentage  of  photocurrent  collected  as  short- 

circuit  current  vs.  MIS  oxide  thickness  under  the 
same  illumination  intensity. 
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value,  determined  by  the  illumination  level. 

As  the  oxide  thickness  increases,  the  tunneling  proba- 

if 

bility  IS  diminished  by  the  factor  exp(-x  d)  where  x is  the 
average  potential  barrier  of  the  oxide  for  holes  tunneling 
into  the  metal.  For  d > 20  ^ (in  the  Au-Si02-nSi  system) 
we  have  observed  that  the  oxide  begins  to  limit  the  collected 
photocurrent.  The  concentration  of  holes  at  the  silicon 
surface  increases  and  this  reduces  the  net  current  supplied 
from  the  neutral  region  by  increasing  the  diffusion  of  holes 
in  the  opposite  direction.  The  quasi-Fermi  level  for  holes 
becomes  relatively  flat  in  the  depletion  region  (d  E^^/dx 
is  small  in  Eq.  (2))  and  moves  closer  to  E^  at  the  surface. 

At  the  same  time  the  tunnel  current  of  holes  into  the 
metal,  given  by^^^ 

4Trm..q(KT)^  . 

p(o)exp(-x^d)  (3) 

increases  due  to  the  increase  in  p(o),  the  hole  concentra- 
tion at  the  surface.  A balance  is  struck  for  which,  in  the 
absence  of  significant  recombination  in  interface  states, 

J = J,.  and  this  occurs  for  a smaller  current  than  was  observed 
P t 

for  thinner  oxides,  where  the  current  was  not  tunnel-limited. 

We  see  therefore  that  suppression  of  the  photocurrent  collec- 
ted at  zero  bias  occurs  for  d > 20  A even  in  the  absence  of 
interface  states. 

Let  us  now  consider  further  the  case  of  d > 20  a and 
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include  the  effects  of  interface  state  recombination.  Under 
normal  operating  conditions,  the  hole  concentration  p(o)  at 
the  surface  is  much  greater  than  the  electron  concentration 
n(o).  This  means  that  recombination  in  interface  states 
(capture  by  these  states  of  a hole  followed  by  capture  of  an 
electron)  is  limited  by  the  capture  rate  of  electrons,  which 

for  states  below  the  electron  Fermi  level  is  described 

v.„(9) 


= qNav[(l-f)n(o)] 


where  N,  a are  the  density  and  electron  capture  cross-section 

of  interface  states,  v is  the  thermal  velocity  of  electrons, 

f is  the  occupancy  function  of  interface  states  and  n (o)  is 

the  surface  concentration  of  electrons.  For  typical  values 

N = lO'*'  states  cm~^ , a - lO”  cm  and  n(o)  = 10  cm 

(determined  by  a Schottky  barrier  height  of  0.8  eV  for 

-10  -2 

the  Au-nSi  device)  , J„_  = 10  A cm  . This  may  greatly 

jTcC 

underestimate  J for  oxides  with  positive  charges  in  which 
rec 

case  will  be  reduced  from  0.8  eV  and  n(o)  will  increase 
considerably.  Large  values  of  o have  also  been  observed  for 
interface  states  in  these  devices under  certain  conditions 
(choice  of  metal,  oxide  thickness  and  S2unple  annealing).  Pro- 
vided J <<  Jc^,  interface  state  recombination  does  not 
further  suppress  the  photocurrent  beyond  that  suppression  due 
to  the  oxide  layer  alone.  At  low  illumination  levels,  and 
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for  lower  Schottky  barrier  height  interface  recombination 

will  have  a major  effect  on  photocurrent  suppression  for 

O 

oxides  > 20A. 

If  the  MIS-Schottky  barrier  photodetector  is  placed 
under  a substantial  reverse  bias,  part  of  the  voltage  will 
be  developed  across  the  oxide  and  this  in  turn  reduces  the 
effective  barrier  x*  A larger  tunneling  probability  will 
allow  an  increased  and  the  hole  concentration  at  the  sili- 
con surface  will  be  depleted.  This  increases  the  net  hole 
drift-diffusion  current,  Jp,  towards  the  surface  and  E^p  rises 
towards  the  metal  Fermi  level  (Fig.  74(b)).  For  sufficient 
reverse  bias,  the  short-circuit  current  is  again  limited  by 
the  photogeneration  rate,  as  in  the  oxide-free  case.  It 
is  also  clear  qualitatively  that  for  an  MIS  diode,  the  thres- 
hold reverse  bias  (Vj^)  for  elimination  of  suppression  in- 
creases with  intensity  since  more  tunnel  current  must  be 
passed  and  for  a fixed  intensity,  should  increase  with  the 
oxide  thickness.  This  is  in  accordance  with  experimental  data 
shown  in  Fig.  75  for  3 different  oxide  thicknesses. 

Further  investigation  is  under  way  regarding  the  depen- 
dence of  photocurrent  suppression  on  oxide  thickness  and  inter- 
face state  parameters.  We  believe  that  the  threshold  for 
the  complete  collection  of  photocurrent  and  the  shape  of  the 
photocurrent-voltage  curves  will  help  to  a basic  understanding 
of  interface  state  processes. 

In  summary,  the  MIS-Schottky  barrier  quantum  detector 
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behaves  as  an  ideal  Schottky  barrier  detector  for  oxide 
thicknesses  < 20  A • For  greater  oxide  thicknesses,  a mini- 
mum reverse  bias  voltage  must  be  applied  (V^^)  for  the  com- 
plete collection  of  the  photogenerated  carriers.  These  re- 
sults have  been  reported  by  us  recently. We  are  con- 
cerned with  the  thicker  oxide  devices  (>  20  k)  because  they 
are  able  to  show,  under  the  appropriate  experimental  condi- 
tions, other  detection  modes  such  as  low-voltage  photomulti- 
plication. This  is  the  subject  of  the  next  section. 

c.  Low-Voltage  Photomultiplication 

The  results  presented  in  this  section  are  of  a pre- 
liminary nature,  and  have  not  yet  been  reproducibly  controlled. 
It  has  been  observed  that,  under  certain  experimental  con- 
ditions of  oxide  thickness  and  illumination  level,  the 
Au-Si02-Si  detectors  in  this  study  exhibit  a photomultipli- 
cation mechanism  (internal  quantum  efficiency  >>  100%) . The 
multiplication  occurs  at  very  low  voltages  (as  low  as  -2V) 
and  is  not  related  to  avalanche  multiplication  observed  at 
much  larger  voltages.  Multiplication  ratios  (M)  as  large  as 
20  have  been  found  for  oxide  thicknesses  in  the  range  20-30  a, 
but  more  typical  results  are  shown  in  Fig.  76.  This  ratio  M 
refers  to  the  number  of  electrons  which  flow  in  the  external 
circuit  for  each  absorbed  photon. 

The  experimental  technique  is  to  fabricate  MIS-Schottky 
detectors  together  with  ideal  Schottky  barrier  detectors 
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having  no  intentional  oxide  layer.  The  metal  electrodes  are 
evaporated  simultaneously  so  that  the  optical  constants  are 
the  same  for  both  ideal  and  MIS  detectors.  Finally  the 
photocurrent  in  reverse  bias  is  compared  under  identical 
illumination  conditions  and  the  ratio  of  these  photocurrents 
is  simply  M. 

The  mechanism  for  the  low-voltage  photomultiplication 

(12 ) 

had  been  suggested  earlier.  Electron-hole  pairs  are 

produced  in  the  semiconductor  depletion  region  and  the  holes 

are  drawn  to  the  semiconductor  surface  by  the  electric  field 

in  the  depletion  region.  An  inversion  layer  of  holes  builds 

up  at  the  surface  until  p(o)  in  Eq.  (3)  is  large  enough  to 

remove  all  of  the  photogenerated  holes  into  the  metal.  Due 

to  the  increase  in  p(o)  with  its  accompanying  positive  charge, 

the  electric  field  in  the  oxide  increases  (in  reverse  bias 

the  voltage  on  the  metal  is  negative)  and  the  metal  Fermi 

level  E,  rises  towards  the  semiconductor  conduction  band 
fm 

edge  at  the  surface.  The  electron  tunnel  current  from  the 
metal  to  semiconductor  conduction  band  thus  increases  rapidly, 
greatly  outweighing  the  hole  tunnel  current  itself.  In 
other  words,  the  holes  are  employed  primarily  for  their 
electrostatic  effect  on  the  potential  distribution  which  has 
a multiplied  effect  on  the  overall  reverse  current  of  the 
contact. 

Our  present  results  show  considerable  variation  of  the 
multiplication  ratio  for  oxides  of  nominally  the  same  thick- 
ness (M  varies  from  unity  to  20  in  some  cases) . We  are  pre- 
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sently  attempting  to  obtain  better  technological  control  over 
this  mechanism,  and  are  expecting  further  Improvements  in 
the  next  interval. 

* This  research  was  partially  supported  by  the  National  Science 
Foundation  under  grant  NSFENG76-15063. 
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Carrier  Transport  Across  Hetero junction  Interfaces* 
(E.  S.  Yang,  C.  M.  Wu,  H.  C.  Card) 


The  purpose  of  this  project  is  to  study  the  physics 

I 

of  carrier  transport  across  semiconductor  heteroj unctions . 

The  initial  work  is  concerned  with  carrier  confinement  in 

double  heterostructure  (DH)  injection  lasers  in  which  the 

carrier  leakage  is  analyzed  using  both  the  diffusion  and 

thermionic  emission  models. 

An  important  consideration  in  the  CW  operation  of  a 

DH  AlGaAs/GciAs  injection  laser  is  the  aluminum  concentration 

in  both  the  active  and  confining  (passive)  layers.  Very  low 

. 2 

threshold  current  densities  (<  1000  A /cm  ) have  been  achieved 

by  combining  a thin  active  layer  with  high  A1  concentration 

differences  at  the  hetero junctions . These  lasers  also 

(2) 

exhibit  low  temperature  dependence  which  is  desirable 
for  CW  operation  at  and  above  room  temperature.  In  addition, 
appropriate  selection  of  the  aluminum  concentration  difference 
leads  to  lasers  with  low  degradation  rate. A detailed  an- 
alysis of  the  optimum  A1  concentration  was  first  published 
(4) 

by  Rode  who  showed  that  carrier  confinement  in  the  active 
layer  is  not  perfect  because  of  leakage  through  the  confining 
layers.  He  assumed  a constant  thermal  velocity  for  carriers 
leaking  out  and  his  theoretical  prediction  of  the  excess 
leakage  current  is  found  to  be  10  times  his  experimental  data. 

Following  Rode's  work,  Goodwin  and  co-workers assumed  that 
the  carrier  leakage  is  controlled  by  the  diffusion  of  carriers 
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in  the  confinement  layer  and  they  obtained  good  correlation 
between  their  model  and  experimental  results. 

In  considering  the  electron  transport  in  the  conduction 
band  in  Fig.  77,  we  find  that  electrons  injected  from  the  : 

N-AlGaAs  layer  into  the  p-GaAs  active  layer  must  first  over-  i 

come  the  potential  barrier  in  order  to  reach  the  P-AlGaAs  j 

confining  layer.  Subsequently,  the  electrons  diffuse  away  I 

from  the  p-P  hetero junction  into  the  P-AlGaAs  layer.  As  a j 

result,  either  the  thermionic  emission  over  the  barrier  or 

the  carrier  diffusion  in  the  confining  layer  may  dominate  i 

the  leakage  current  in  a DH  injection  laser.  The  energy  band 

diagram  of  the  p-P  heterojunction  is  similar  to  that  of  a i 

Schottky  barrier where  the  thermionic  emission  is  found  to  ' 

control  the  carrier  transport.  Since  the  barrier  height  in 
the  p-P  hetero junction  is  much  lower  than  the  usual  Schottky 
barrier,  the  diffusion  current  should  be  considered.  In  this 
report,  both  the  diffusion  and  thermionic  emission  are  in- 
cluded. It  should  be  pointed  out  that  the  present  model  is  ! 

i 

applicable  to  AlGaAs/GaAs  lasers  and  other  structures  using  1 

high  mobility  materials  such  as  InAs  and  InSb  compounds.  In  i 

the  case  where  experimental  data  are  available,  the  model  is 
in  agreement  with  Goodwin's  results. 

The  Thermionic  Emission  Model 

Biased  at  the  threshold  current  in  a laser  diode,  the 
depletion  regions  of  the  hetero junction  interfaces  become 
very  narrow,  especially  with  heavily-doped  passive  layers. 

The  majority  carriers  will  tunnel  through  the  barriers  similar 
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to  the  case  of  Schottky  diode  emission. According  to  the 

IQ) 

work  of  Chang  and  Sze  ' for  Schottky  diodes  on  heavily-doped 
substrates,  the  tunnelling  current  becomes  dominant  and  the 
diffusion  current  can  be  neglected.  Because  the  barrier  of 
the  majority  carrier  of  the  highly  doped  passive  region  is 
very  narrow,  we  can  assume  that  the  hetero junction  is  ohmic 
for  the  majority  carriers.  The  active  region  -N  junction  be- 
comes ohmic  for  electrons,  the  active  region  -P  junction  be- 
comes ohmic  for  holes. 

The  electrons  thermally  emitted  over  the  barrier  height 
<|)g^  (Fig.  77)  lead  to  an  electron  current 


J 


nt 


— /o  T(4.B„,C)exp[ 


A*T 


exp[-(q()>gj^-q())^)/kT]/Q  T(((» 


Bn 


]dC 

,S)exp[-C/kT]dC  (1) 


where  A*  = Effective  Richardson  constant  of  electron, 

C = the  electron  energy  above  the  equilibrium  conduc- 
tion band  of  the  P-region, 

T(()ig,5)  = the  quantum  transmission  coefficient  of  a 
free  carrier  passing  through  the  barrier  height  (|)g, 

^'^'Bn  = Ep-E^+q<frp-q(t.p. 

For  the  sake  of  convenience  in  calculation,  we  define 

1 ,oo 

^ Iq  T(q(<)3,C)exp[-?/kT]d?  . (2) 

(4) 

According  to  Rode's  calculation  , the  electrons  are 
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mostly  in  the  r-band  if  the  aluminum  concentration  (x)  of 
the  active  region  does  not  exceed  0.15.  In  other  words,  we 
can  assume  the  electron  leakage  through  the  X-band  as  negli- 
gible. By  using  Rode's  parameters  (i.e.  the  effective  mass 

and  energy  band  gaps  in  the  X,  L and  valence  bands)  and 

18  —3 

setting  n^j^  = 2 x lo  cm  , the  electron  leakage  current 
can  be  calculated: 


■^nt  = n(^^)exp[-q(<J.3^-<D^)/kT] 


Similarly,  the  hole  leakage  current  is: 


,2  _ 


Bp  ^P' 


where  A*/A  = ” ’"'‘pA'^^'o  ^ Amp/cm^/°K^, 

and  q<(>gp  ~ " ^A  ^ these  currents  is 


•^t  = '^nt'^'^pt 


The  foregoing  equations  are  used  to  calculate  the  magnitude 
of  the  thermionic  emission  current.  Notice  that  the  current 
is  controlled  by  the  effective  Richardson's  constant  (which 
is  determined  by  the  effective  masses)  and  the  barrier  heights 
4)3^  and  <t>gp»  The  significance  of  these  parameters  will  be 
discussed  later. 
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The  Diffusion  Model  1 

Let  us  consider  the  diffusion  of  electrons  in  the  P-layer.  . { 

We  assume  that  the  minority  quasi-Fermi  potential  of  the  pas- 
sive region  is  flat  across  the  depletion  region.  Then  the  . ■ 

excess  minority  carrier  concentration  is  given  by 


n-(0)-n_  -N  _exp 


^ ^fn“®cP^ 


Tcf" 


(6)  i 

1 

i 


where  np(0)  = the  electron  concentration  in  the  P-region,  | 

np^  = the  equilibrium  electron  concentration  in  the  P-  | 

region, 

N^p  = the  effective  density  of  states  in  the  P-region, 

E^p  = the  conduction  band  energy  of  the  P-region. 

Therefore,  the  diffusion  current  is 

i 


'nd 


= q(n^(0)-n^^)  D -/L, 


po 


nP'  nP 


(7) 


When  the  width  of  the  passive  region  Wp  is  less  than  the  min- 
ority diffusion  length  the  minority  carrier  distribution 
will  have  a slope  limited  by  Wp.  The  worst  case  is  given  by 

"^nd  = q(np(0)-np^)  coth  (-i^)  (8) 

where  the  surface  recombination  velocity  at  Wp  is  assumed  to 
be  infinity  which  is  similar  to  the  diffusion  current  in  the 
narrow  base  region  of  a bipolar  transistor.  When  Wp  <<  ^nP' 
Eq.  (8)  can  be  simplified  as 
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■^nd  “ ‘it"?  Wp 

Similarly,  we  can  obtain  the  hole  diffusion  current  in  the 
N- region. 


(9) 


"^pd  “ Wjj  ^PN 


(10) 


Therefore,  the  total  diffusion  current  is 


^d  = 


nd 


+ J 


pd 


+ J 


xd 


(11) 


where  is  the  electron  diffusion  current  expressed  in  terms 

of  the  X-band  diffusion  constant  and  diffusion  length. 
Discussion 

We  use  the  dimension  of  Rode's  devices,  and  the  GaAs 
(9) 

mobility  and  life  time  data  calculated  from  Stern's 
work. The  leakage  currents  due  to  both  mechanisms  are 
calculated  and  shown  in  Figs.  78  and  79.  It  is  found  that 
the  thermionic  current  is  about  seven  times  the  diffusion 
current,  and  the  leakage  current  should  be  dominated  by  the 
.^mailer  one  of  two  series  transport  mechanisms.  Considering 
separately  the  single  mechanism  only,  the  threshold  current 
of  Rode's  devices  is  shown  in  Fig.  80,  it  is  seen  that 
the  leakage  current  due  to  minority  diffusion  in  the  passive 
region  agrees  well  with  Rode's  experimental  data.  Physically, 
the  ratio  of  two  currents  due  to  different  mechanisms  is 
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Figure  78: 

The  leakage  currents  of  the  thermionic  emission  mechanism. 
Device  dimensions  and  doping  concentrations  are  taken  from 
Rode's  work  in  Reference  4. 
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AlAs  MOLAR  FRACTION  (X) 


Figure  79: 

The  leakage  currents  of  the  diffusion  mechanism.  Device  dimen- 
sions and  doping  concentrations  are  taken  from  Rode's  work  in 
Reference  4. 
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Figure  80  : 

The  threshold  current  of  two  leakage  models  and  comparison 
with  Rode's  data. 
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•^nd  ■ 

‘^*^cP°nP'^^nP 

„ "Ja,  , 1 ■’’^np  , 

”Ip  ^ "eP^nP 

2 ."'eA.  ."^nP. 

eP  cP 

(12) 


where  t^p  is  the  electron  collision  time  in  the  passive  region. 
Therefore,  the  diffusion  current  will  dominate  except  when 
the  carrier  confinement  barrier  or  the  mobility  is  very  high, 

i.e. 


When  the  width  of  the  passive  region  is  designed  thicker, 

the  diffusion  current  will  be  reduced.  The  minimum  diffusion 

current  is  calculated  and  shown  in  Fig.  81.  It  is  observed 

that  the  width  of  the  passive  region  should  be  as  large  as 

the  minority  diffusion  length  to  lower  the  leakage  current. 

The  doping-dependent  diffusion  current  is  also  considered  and 

shown  in  Fig.  82.  We  find  that  a highly-doped  passive  region 

will  have  a better  carrier  confinement.  Usually,  the  active 

(5) 

region  contains  10%  AlAs.  The  diffusion  current  versus 

the  difference  of  the  molar  fractions  of  the  passive  and  ac- 
tive regions  is  also  shown  in  Fig.  82.  We  find  the  leakage 
current  is  reduced  20%  for  the  same  molar  fraction  difference 
Ax  between  the  passive  and  active  layers. 

The  diffusion  current  is  also  dependent  upon  the  tem- 
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Figure  81; 

Ideal  leakage  current  with  thick  passive  layer. 
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and  show  the  diffu- 


perature.  We  use  Stern's  calculation 
sion  current  versus  temperature  in  Fig.  83.  The  ideal  thres- 
hold current  is  also  shown  in  the  same  figure.  The  value  of 
should  be  chosen  such  that  the  leakage  current  is  small 
in  comparison  with  the  ideal  threshold  current. 

It  should  be  pointed  out  that  the  recombination  in  the 
confining  layer  will  produce  a spontaneous  emission.  How- 
ever, the  emission  is  weak  since  the  number  of  carriers  leak- 
ing out  is  small  compared  with  those  staying  in  the  active 
region.  In  addition,  the  emitted  photons  have  energy  greater 
than  the  band-gap  energy  of  the  active  layer  so  that  self 
absorption  should  be  very  strong.  The  emitted  light  is  un- 
likely to  be  observable  in  the  edge-emitting  Fabry-Perot 
laser  but  could  conceivably  be  seen  in  an  LED  structure  under 
spontaneous  mode  of  operation. 

Although  the  diffusion  current  is  smaller  than  the 
thermionic  emission  current  in  the  DH  AlGaAs/GaAs  laser 
under  most  conditions,  the  same  cannot  be  said  for  injection 
lasers  using  other  materials  such  as  InAs,  InSb  compounds. 
Neither  can  it  be  concluded  that  the  diffusion  is  applicable 
to  the  DH  AlGaAs/GaAs  at  all  times.  For  example,  we  have 
observed  a reduction  of  the  carrier  lifetime  after  degrada- 
tion. A smaller  carrier  lifetime,  x^p  in  Eq.  (12) , leads 

to  a larger  diffusion  current  so  that  both  conduction  mecha- 
nisms may  become  equally  important. 
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3. 


Schottky  Barrier  Classical  Detectors  for  Submil lime ter 
Radiation* 

i (H.  C.  Card,  E.  S.  Yang,  E.  Y.  Chan,  A.  R.  Kerr, 

P.  Thaddeus) 

Schottky  barrier  diodes  have  inherently  high  frequency 
response  by  virtue  of  their  majority-carrier  behavior.  These 
devices  have  long  been  used  in  the  microwave  region  as  mixers 
or  detectors,  and  their  operation  has  recently  been  extended 
into  the  submillimeter  region.  Unlike  in  section  1,  where 
we  discussed  the  operation  of  Schottky  barriers  as  quantum 
detectors  with  photon  absorption  in  the  semiconductor,  in  the 
present  section  we  deal  with  classical  modes  of  detection. 

In  these  classical  modes,  the  incident  radiation  is  absorbed 
in  a metal  whisker  which  probes  the  device,  and  acts  as  a 
microwave  or  submillimeter  antenna.  The  Schottky  barrier 
itself  simply  serves  to  rectify  the  received  signal  and  the 
* transport  mechanisms  are  those  of  the  dark  characteristics. 

In  order  to  achieve  the  maximum  frequency  of  operation,  the 
device  geometry  is  made  as  small  as  possible,  and  the  pre- 
sent study  investigates  the  transport  in  small-geometry  de- 
vices, and  the  way  in  which  this  differs  from  large-geometry 
Schottky  barriers. 

In  the  following,  we  describe  the  experimental  findings 
during  this  interval,  and  show  experimentally  that  the  min- 
ority carrier  injection  ratio  decreases  with  increasing  for- 
ward bias  voltage  in  the  small  area  devices  (2  ym  diameter) , 
f in  contrast  to  devices  of  large  area. 


295 


s 

The  device  structure  is  shown  in  Fig.  84  . The  epi- 
taxial layer  (thickness  0.5  ym)  has  an  impurity  concentration  9 

of  = 3 X 10^^  cm  Phosphor  bronze  wire  of  diameter 
12  urn  was  electrolytically  etched  in  NaOH  to  the  proper  di- 
mension for  whisker  contacts  to  the  evaporated  Au-Pt  contacts. 

The  principle  of  the  electrical  measurements  is  as 
follows.  When  a particular  diode  is  forward  biased,  the  cur- 
rent is  composed  of  a majority  carrier  current  (due  to  con- 
duction electrons  being  removed  from  the  semiconductor)  and 
a minority  carrier  injection  current  (due  to  holes  being 
injected  from  the  metal,  corresponding  to  valence  electrons 
being  removed  from  the  semiconductor) . The  minority-carriers 
recombine  with  majority-carriers  either  in  the  space  charge 
region  (space  charge  recombination  current)  or  in  the  neutral 
region  (minority-carrier  injection  current,  I , sometimes 

called  diffusion  current) . This  forward-biased  diode  can  be  ^ 

viewed  as  the  emitter  junction  of  a transistor.  The  majority- 
carrier  current  flows  into  the  substrate  and  out  the  back 
(ohmic)  contact;  this  corresponds  to  the  base  current  of  the 
transistor.  Any  minority-carriers  (holes)  injected  at  the 
emitter  and  contributing  to  Ip  may  be  collected  at  neighbor- 
ing Schottky  barriers  which  are  contacted  so  as  to  maintain 
them  at  ground  potential;  the  current  collected  at  these 
contacts  is  the  collector  current  of  the  transistor.  If  none 
of  the  neighboring  devices  are  contacted,  the  injected  holes 
simply  recombine  in  the  epitaxial  layer.  * 

By  means  of  3-dimensional  differential  translational 
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Figure  84 : Schematic  diagram  of  device  structure  and  the  circuit  for  transistor 


stages,  two  whiskers  were  made  to  contact  two  neighboring 
diodes  in  the  matrix.  Contact  E is  the  (forward-biased) 


t 


r ^ 


emitter,  and  the  adjacent  contacts,  Cj^,  C2/  and  are  used 
one  by  one  as  the  collector.  Ij.  is  the  total  emitter  current 
and  Vgg  is  the  forward  bias  voltage  of  the  emitter  junction. 

Currents  of  small  magnitude  were  measured  using  a GR  1807 
D.C.  nanometer,  and  care  was  taken  to  eliminate  any  possible 
leakage  currents.  ^c2'  ^C3  hole 

currents  collected  at  the  distances  dj^,  d2»  and  d^  from  the 
forward  biased  (emitter)  diode  E.  The  distances  dj^,  d2,  d^ 
were  measured  between  the  contact  edges,  ignoring  the  width 
of  the  depletion  regions  which  for  the  present  doping  con-  j 

centration  reduce  these  d's  by  at  most  “6%.  | 

From  the  measurement  of  ^C2'  ^C3  distances  | 

dj^,  d2,  d^  we  were  able  to  deduce  the  hole  diffusion  length  • 

Lp  from  the  expression 

! 

^C  ^p  exP'''X/Lp)  (1) 

where  x * dj^,  d2  or  d^  for  1^2'  ^C3* 

In  Fig.  85,  we  show  the  dependence  of  ^C2' 

1^2  o*’  '^EB*  shown  is  the  total  current  at  the  emitter 

junction.  The  collected  current  vs.  distance  from  the 
emitter  junction  is  shown  in  Fig.  86;  from  these  data  and 
Eq.  (1)  we  deduce  that  Lp  ==  1.26  pm  indicative  of  surface 

recombination.  The  common  base  current  gains  02  and  ^ 


Figure  85:  Total  current  (Ig)  in  forward  biased  Pt-GeiAs 
Schottky  barriers  (2  um  diameter) , and  short- 
circuit  currents  ^C2'  collected  at 

nearby  contacts  Cj^,  C2,  at  room  temperature 
(18°C) . The  dashed  curve  is  the  value  of  min- 
ority carrier  (hole)  current  injected  into  the 
neutral  region  immediately  adjacent  to  the 
emitter  contact. 
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Figure  86;  Collector  current  (I^)  vs.  distance  from  the 
emitter  (x)  taken  at  three  different  forward 
bias  voltages.  O's  show  experimental  data  which 
are  fit  by  the  three  approximately  parallel 
straight  lines.  Lp  is  the  diffusion  length  de- 
rived from  the  slope. 
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and  the  minority-carrier  injection  ratio  y are  shown  in  Fig. 
87. 

Several  features  of  Fig.  85  and  Fig.  87  are  of  interest. 
For  V > 0.4  V,  the  small  area  Pt-GaAs  diodes  behave  as  near- 
ideal Schottky  barriers,  with  a current-voltage  relation  which 
agrees  with  the  thermionic  emission  expression 

q(j> 

Ir  “ A*T'exp(-  ^)exp(^)  (2) 

-2  -2 

where  A*  is  the  modified  Richardson  constant  = 4.4  A cm  K 
for  (111)  GaAs.  barrier  height  (determined 

from  the  extrapolation  of  the  characteristic  for  V > 0.4  V 
to  the  V = 0 axis)  which  is  found  from  Fig.  85  to  be  <j)j^  = 

0.86  eV.  The  'n  value'  or  ideality  factor  (for  > 0.4  V) 

is  = 1.1  to  1.2.  For  < 0.4  V,  the  forward  current  of 
Pt-GaAs  diodes  is  dominated  by  recombination  in  the  space 
charge  region.  The  n-value  in  this  region  is  = 1.95  ± 0.05, 
very  close  to  n = 2 expected  for  this  mechanism. 

The  dependence  of  y on  V_„  shown  in  Fig.  87  is  in 

EjD 

qualitative  agreement  with  the  theoretical  description  of 

(2) 

small-area  Schottky  barriers  of  Clarke  et  al.  These 

authors  also  predict  that  y = 1 for  low  forward  voltages  de- 
creasing to  negligible  values  at  higher  voltages.  It  should 
be  noted  that  this  behavior  is  the  opposite  of  that  for 
large  Schottky  barriers;  for  large  area  devices  y is  very 
small  at  low  V__,  increasing  at  higher  forward  voltages  and 


Figure  87:  Minority  carrier  injection  ratio  (y)  and  ratio 

of  collected  currents  at  C2»  as  a function 
of  the  forward  bias  voltage  on  the  Schottky 
barrier  emitter  contact  E. 
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(3-5) 

currents.  The  present  data  (Fig.  87)  does  not  describe 

the  dependence  of  y on  forward  bias  voltage  for  V_„  < 0.5 

£«D 

volts,  but  does  show  that  y decreases  with  V„_  and  is  of 

Ed 

negligible  magnitude  for  > 0.5  volts. 

Eo 

Measurements  of  the  temperature  dependence  of  the  diode 
characteristics  were  made  over  a limited  range  of  tempera- 
ture to  substantiate  the  interpretation  of  the  above  data 
(Figs.  88  to  90).  The  decrease  in  and  1^2  with  increas- 
ing temperature  confirms  that  these  are  not  associated  with 
either  lea)cage  or  generation  processes,  although  the  reason 
for  this  decrease  is  unclear  at  the  present  time. 

For  purposes  of  comparison,  the  forward  I-V  charac- 
teristics at  three  different  temperatures  are  plotted  in  Fig. 
89.  There  are  several  interesting  features  in  this  figure. 
For  > 0.4  V,  the  ideality  factors  are  almost  equal  for 

all  three  temperatures:  n^^  = 1.1,  n2  = 1.15,  n^  = 1.2.  For 
Vgg  < 0.4  V,  = 1.95  ± 0.05,  n2  and  n^  are  both  greater 
than  4 if  an  n value  is  assigned  to  this  region  of  curves  2 
and  3.  We  take  the  view  that  the  low  voltage  region  is  do- 
minated by  carrier  recombination.  In  this  region  the  larger 
effective  n values  at  higher  temperature  can  be  accounted 
for  by  the  transport  along  the  GaAs  surface  under  the  Si02 

layer.  This  surface  recombination  process  and  its  accom- 

(6  7 ) 

panying  high  n values  has  been  explained  previously.  ' 

In  Fig.  90,  the  current  (Ig)  vs.  1/T  is  obtained  from 


the  data  of  Fig.  89  for  V^g  = 0.5  V,  0.6  V and  0.7  V respec- 
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Figure  88;  Similar  transistor  measurements  performed  at 
40OC.  and  1^2  collector  currents 

detected  at  this  temperature,  1^23  is  too  small 
to  be  measured.  and  1^2  this  figure  are 

smaller  than  those  in  Fig.  85. 


I ( Amperes) 


Figure  89;  Forward  I-V  characteristics  for  three  different 
temperatures;  for  > 0.4  V,  nj^  » 1.1- » n2  = 
1.15,  = 1.20;  for  V^g  < 0.4  V,  » 1.95  ± 

0.05,  n2  and  n^  are  both  greater  than  4.  Barrier 


height  calculated  by  extrapolation  of  the  room 
temperature  I-V  characteristic  is  (|>g  = 0.86  V. 


Ig  (Amperes) 


Figure  90;  Total  current  vs.  reciprocal  of  temperature 
(1/T)  , O's  show  the  experimental  data, 
are  barrier  heights  calculated  from  the  slope  of 
the  three  straight  lines  with  an  assumed  n = 1.15. 
Curves  1,  2,  3 refer  to  three  values  of  forward 
bias  voltage. 


tively.  The  barrier  height  measured  from  Fig.  89  by  extra- 


polation of  the  room  temperature  characteristic  for  V„_  > 

0.4  to  Vgg  = 0 was  found  to  be  * 0.86  V.  . Barrier  heights 
deduced  from  the  slopes  of  the  straight  lines  in  Fig. 90  using 
Eg.  (2)  were  found  to  be  Vj,  “ 0.86  ± 0.02  V when  an  average 
n value  of  1.15  was  assumed.  The  values  of  obtained  by 
the  two  methods  (saturation  current  at  a single  temperature, 
and  temperature  dependence  of  current  at  a given  voltage)  are 
therefore  in  close  agreement. 

For  practical  applications  of  these  devices  as  classi- 
cal detectors,  the  present  results  indicate  that  operation 
at  forward  biases  of  < 0.4  V would  reduce  the  sensitivity 
of  these  detectors,  which  is  inversely  proportional  to  the 
'n'  value.  Excess  noise  is  also  associated  with  the  recom- 
bination current  at  lower  voltages. 

The  implications  of  the  preser.t  measurements  for  milli- 
meter wave  detectors  and  mixers  may  be  summarized  as  follows. 
Provided  the  small-area  (2  ym)  Pt-G2iAs  diodes  are  operated 
at  forward  bias  voltages  greater  than  = 0.4  V,  the  current 
transport  is  dominated  by  the  majority-carrier  thermionic- 
emission  current  with  'n'  values  near  unity.  In  this  re- 
gion, the  best  performance  is  expected  with  high  frequency 
response  and  low  noise.  The  contributions  from  minority- 
carrier  injection  to  total  current  are  < 1 percent  decreas- 
ing to  negligible  values  as  the  forward  voltage  increases 
above  0.4  V (Fig.  87).  This  means  that  diffusion  capaci- 
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tance  resulting  from  the  storage  of  minority-carrier  charges 
is  not  problematic  for  these  devices. 


* This  work  is  presently  being  prepared  for  publication. 
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B.  THERMODYNAMICS  OF  LASER  SNOW— PHOTOCHEMICAL  COOLING 

(T.  Yabuzaki,  S.  Curry,  J.  C€unparo,  W.  Happer) 

Photochemically  produced  alkali  hydride  particles  were  dis- 
covered in  1976  in  our  laboratory, and  were  named  "laser  snow" 
because  they  are  white  crystals  and  they  fall  down  under  the 
influence  of  gravity.  Furthermore,  the  particles  are  expected  to 
be  cold  like  ordinary  snow  after  they  fall  out  of  the  laser  beam. 
This  laser  snow  is  quite  unique,  compared  with  the  other  light- 
induced  particle  formation  because  the  alkali  hydride  snow  decom- 
poses to  hydrogen  gas  and  alkali  metal  when  the  light  is  removed, 
while  other  light- induced  particles  which  have  been  reported  so 
far  are  thermodynamically  more  stable  than  the  original  gaseous 
phase,  and  they  show  no  tendency  to  decompose  to  a gas  again  once 
the  light  is  removed. 

We  would  like  to  investigate  the  thermodynamical  properties 
of  laser  snow  more  thoroughly,  especially  the  cooling  of  laser 
snow.  This  cooling  mechanism  is  also  quite  unique  compared  with 
other  recently  studied  cooling  mechanisms  induced  by  light  in  the 
gaseous  or  solid  state,  since  the  cooling  of  laser  snow  involves 
a phase  transition  between  solid  and  gaseous  phases.  This  is 
closely  analogous  to  the  operation  of  mechanical  refrigerators. 
Consider,  as  an  example,  cesium  vapor  mixed  with  hydrogen  gas,  to 
which  we  apply  a laser  beam  with  a wavelength  suitable  for  excita- 
tion of  the  Cs  atoms  from  the  ground  state  (6S)  to  the  second 
excited  states  (7P) . The  excited  Cs  atoms  produce  CsH  molecules 
by  the  following  probable  reactions: 


315 


Cs(7P)  + H2  -*•  CsH  + H 


(1) 


Cs(6S)  + H -►  CsH 

When  the  pressure  of  CsH  exceeds  the  saturation  pressure,  crystal- 
line CsH  particles  are  created  and  grow  in  the  laser  beam  by  the 
condensation  of  CsH  diatomic  molecules.  Consequently,  the  laser 
beam  plays  the  role  of  a compressor  in  a mechanical  refrigerator. 

When  the  crystals  fall  out  of  the  beeun,  they  decompose  into  Cs 
vapor  and  hydrogen  gas  with  the  absorption  of  a substantial  amount 
of  latent  heat,  and  the  surrounding  gas  is  therefore  cooled.  This 
is  quite  analogous  to  the  cooling  in  the  cold  side  of  a mechanical 
refrigerator.  Here,  we  would  like  to  report  some  of  our  prelimi- 
nary results  on  this  unique  cooling  cycle  of  lasdr  snow,  and  we 
will  discuss  our  future  plans. 

1.  Theoretical  Estimate  of  Laser  Snow  Temperature: 

The  cooling  mechanism  of  the  laser  snow  is  quite  similar  to 
that  of  a cooling  tower  for  cooling  hot  water,  or  to  the  cooling 
of  a wet  bulb  of  a thermometer  to  measure  the  humidity  of  air. 

We  have  constructed  psychrometric  charts  to  estimate  the  cooling 
of  the  snow  and  of  the  surrounding  buffer  gas.  As  an  example,  consider 
the  CsH  system  in  a He  buffer  gas.  The  enthalpy  for  a helium  atom, 
h(He) , is  given  by  5/2  kT,  while  that  of  hydrogen  gas  per  H2 

molecule  is  obtained  from  Table  XIII,  which  shows  the  thermodynamic 

(2) 

properties  of  the  cesium  hydrogen  system.  Then,  the  total  gas- 
phase  enthalpy  per  helium  atoms  is  given  by 

h^  = h(He)  + fh(H2)  = 2.17  x 10"^T  + f[1.135  + 1.33  x 10"^T]  (2) 
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where  T is  in  ®C,  and  f is  the  number  of  hydrogen  molecules  per 
helium  atom  in  the  gaseous  phase,  i.e. 

[H  ] 

^ “ [He] 

Because  of  the  low  heat  capacity  of  condensed  CsH  crystals  com- 
pared with  the  latent  heat  of  decomposition  of  the  crystal,  h^  in 
Eq.  (2)  remains  very  nearly  constant  during  the  decomposition,  so 
that  h^  may  be  given  by  the  enthalpy  of  the  dry  gas  before  the 
crystals  have  decomposed.  The  psychrometric  chart  for  the  CsH 
system  in  a He  buffer  gas  at  a density  of  one  amagat  is  shown 
in  Figure  91  , where  the  nearly  straight  lines  show  the  fraction 
f as  a function  of  temperature  T,  given  by  Eq.  (2) . On  the 
other  hand,  the  saturated  hydrogen  pressure  in  Figure  91  is  given 
by 


P(H2)  = exp  (4) 

where  empirical  values  for  AG®  are  shown  in  Table  XIII. 

Consider,  as  an  example,  a cesium  cell  containing  hydrogen 
gas  of  about  1 torr  and  helium  buffer  gas  of  760  torr  at  room 
temperature,  values  quite  representative  of  the  experiments 
described  below.  The  fraction  f is  1.3  parts  per  thousand 
in  this  case.  Suppose  that  the  cell  is  maintained  at  300°C 
where,  according  to  Figure  91,  the  relative  saturation  is  about 
5%.  When  the  laser  snow  CsH  begins  to  evaporate  into  surround- 
ing buffer  gas,  the  temperature  decreases  along  the  lines 
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of  constant  gas-phase  enthalpy  until  the  H2  pressure  reaches  its 
saturation  value.  In  this  case  we  see  from  Figure  91  that  the 
gas  temperature  will  drop  to  270®C,  so  that  the  total  cooling  is 
about  30®C. 

2.  Experiments: 

As  described  in  the  previous  section,  the  cooling  is  expected 
to  be  some  tens  of  degrees  centigrade,  which  should  be  easily 
detectable.  Two  kinds  of  experiments  are  now  in  progress  to  detect 
this  cooling. 

(a)  Temperature  Measurement:  This  experiment  aims  to  meas- 

ure directly  the  temperature  of  the  laser  snow  and/or  that  of 
the  surrounding  gas.  Thin  wire  thermocouples  seem  to  be  very  well 
suited  to  this  experiment  since  they  can  be  used  over  a large  range 
of  temperatures  and  they  have  an  absolute  calibration.  We  have 
made  preliminary  experiments  with  a cell  with  cesium  metal,  H2 

gas  of  a few  torr  and  He  gas  of  760  torr.  This  cell  was  irradiated 

+ ^ 
by  the  laser  light  from  a Ar  laser  with  a wavelength  of  4579  A, 

which  can  excite  cesium  atoms  from  the  ground  state  6S  to  the  7P 
state  through  the  pressure  broadened  absorption  lines.  Flaws  in 
the  design  of  this  first  cell,  e.g.  short,  large-diameter  thermo- 
couple wires  which  had  large  heat  conductivities  and  uncontrolled 
thermal  EMF ' s due  to  the  molybdenum  metal  feedthroughs , prevented 
us  from  using  this  cell  for  unambiguous  measurements,  but  we  found 
some  evidence  that  the  snow  is  indeed  cold.  We  are  now  improving 
this  kind  of  cell  to  remove  the  eunbiguity  of  the  temperature 
measurements . 
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(b)  Velocity  Measurement  of  Falling  Snow:  As  described 
above,  the  laser  snow  grown  in  the  laser  beam  falls  down  slowly 
within  a buffer  gas  of  relatively  high  pressure.  If  we  measure 
the  falling  velocity  just  below  the  laser  beam,  we  can  measure 
the  size  of  the  laser  snow.  Furthermore,  by  measuring  the 
change  in  the  velocity  during  its  falling,  we  may  determine 
whether  or  not  the  snow  is  really  cold. 

The  "viscous"  velocity  v^  of  the  snow  with  respect  to  the 
surrounding  gas  is  obtained  by  equating  the  force  of  gravity  to 
the  viscous  retarding  force  of  the  gas 


V 

V 


(5) 


where  p is  the  mass  density  of  the  crystal,  g is  the  acceleration 
of  gravity,  n is  the  viscosity  of  the  gas  and  r is  the  effective 
radius  of  the  crystals.  For  simplicity  the  crystal  is  assumed 
to  have  a spherical  shape.  Denote  the  convective  velocity  of 
the  gas  by  v^.  Then  the  apparent  velocity  of  the  falling  crystals 
is 


V = v^  + v^  = ^ (^)  r^  + v^  (6) 

Both  V and  v are  considered  positive  in  the  downward  direction. 

VC 

There  is  no  doubt  that  the  falling  crystals  diminish  in  size 
due  to  evaporation  so  that  the  crystal  radius  r decreases  with 
time.  Thus  if  the  convective  gas  velocity  v^,  were  zero  the  falling 
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velocity  of  the  crystals  would  decrease  with  time.  Because 
the  experimental  cells  are  operated  with  a variable  temperature 
which  increases  from  the  bottom  to  the  top,  the  gas  is  normally 
stratified  and  is  stable  against  convection.  However  if  the  gas 
is  heated  or  cooled  substantially  the  gas  will  rise  or  fall  due 
to  convection.  Consequently,  if  there  is  evaporative  cooling 
of  the  gas  by  the  falling  snow,  we  expect  that  a downward  convec- 
tive velocity  v^  will  develop,  and  the  overall  downward  velocity 
V of  Eq.  (6)  will  increase  if  the  increase  in  convective  velocity 
exceeds  the  decrease  in  the  viscous  velocity. 

We  have  made  a preliminary  experiment  with  a cesium  cell 
containing  1 torr  hydrogen  and  760  torr  helium,  which  is  irradiated 

o « 

by  a Ar  laser  beam  of  4579  A.  A second  light  beam  {the  6328  A 
line  from  a He-Ne  laser  in  this  experiment,  is  applied  as  a probe 
beam,  which  is  placed  under  the  first  excitation  beam.  A sharp 
increase  of  scattered  light  intensity  of  the  probe  light  can  be 
observed  with  a time  delay  t after  the  Ar  laser  is  on.  By 
changing  the  distance  between  two  laser  beams  and  measuring  the 
time  of  flight,  we  can  precisely  measure  the  velocity  of  the 
falling  laser  snow.  Typical  results  of  the  present  experiment 
are  shown  in  Fig.  92,  where  the  falling  velocity  is  plotted  as 
a function  of  the  time  of  flight  t,  for  several  values  of  Ar 
laser  power.  From  the  initial  velocities  in  Fig.  92  , we  see  that 
the  size  of  snow  increases  with  the  increase  of  laser  power 
(using  Eq.  (5)  the  radius  of  snow  is  calculated  to  be  1.13  ym 

for  the  Ar  laser  power  of  24  mW  and  1.59  ym  for  120  mW) . As  ^ 


i 

j 


322 


r 


seen  in  Fig.  92,  the  falling  velocity  increases  clearly  with 
the  increase  of  t.  These  results  suggest  that  the  velocity  of 
the  snow  increases  by  falling  together  with  a cooled  surrounding 
buffer  gas. 

This  change  of  velocity  might  also  be  explained  by  the 
increase  of  the  size  of  particles,  caused  by  smaller  particles 
sticking  together  during  their  falling.  But,-  as  measured  pre- 
viously, these  particles  have  a large  positive  charge  (~10^ 
electron  changes) , so  that  there  exists  a strong  repulsive  force 
between  them,  and  hence  we  do  not  believe  that  the  particles 
stick  together. 

(1)  A.  C.  Tam,  G.  Moe  and  W.  Happer,  Phys.  Rev.  Lett.  35,  1630 

(1975).  — 

(2)  T.  B.  Read,  Free  Energy  of  Formation  of  Binary  Compound, 
(MIT  Press,  Ceunbridge,  Massachusetts,  1971) . 
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4555  Overlook  Avenue,  SW  P.  O.  Box  1663 

Washington,  DC  20375  Los  Alamos,  NM  87544 
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Austin,  TX  78712 


333 


Director 

Electronics  Research  Laboratory 
University  of  California 
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